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ABSTRACT 
Advanced composites have emerged as viable structural solutions over the years 
and have therefore become implemented in several applications, notably aerospace 
structures. In modern aircraft structures, they have been gradually introduced to both 
secondary and primary components. Laminated composites used in such applications 
have generally been restricted to those with straight fibers, that are aligned to only a 
handful of pre-selected fiber orientations; 0˚, 45˚, 90˚ and -45˚. Recent advances in the 
technology of laminated composites have however indicated the possibility to harness 
significantly higher structural gains by allowing the use of other fiber orientations, and 
even implementing curvilinear fibers in composite structures. These gains have been 
demonstrated by improvements in performance metrics such as stiffness and static 
strength.  
However, the introduction of non-conventional fiber orientations significantly 
increases the complexity of manufacturing of such laminates, their analysis, and the 
uncertainties involved in understanding their mechanical behavior. While the former has 
been alleviated by the development of highly precise fabrication systems such as 
Automated Fiber Placement (AFP), research into the latter still needs more illumination 
to comply with the stringent verification requirements of the aerospace industry. Related 
research has demonstrated the significant contribution of interlaminar stresses in 
determining the tensile strength of quasi-isotropic laminates, whose fiber orientations are 
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not restricted to the conventional (0˚, 45˚, 90˚ or -45˚) types. This therefore provides a 
basis for a research into the mechanical response of quasi-isotropic laminates with non-
conventional angles, with a view to gain fundamental insights that would be extended 
into the real-world implementation of laminates with various fiber orientations. 
This thesis presents investigations into the response of a number of selected quasi-
isotropic laminates subjected to in-plane uniaxial tensile loading. Coupons made of the 
selected configurations are tested using standardized methodologies for experimentally 
characterizing the static response of laminated composites. Each coupon is characterized 
by studying its stiffness and ultimate tensile strength. In addition, simple theoretical 
models are implemented to gain preliminary insight into the response of these laminates, 
relative to one another. In order to further elucidate their behavior, interfacial stress 
distributions from three-dimensional Finite Element Analyses (FEA) are studied for each 
selected laminate, and this is followed by a rudimentary look into the possible 
predominance of initial delamination on laminate strength. Results are presented for 
analyses and testing, and finally, their discrepancies are discussed. 
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This introductory chapter carefully establishes the foundation of the research. The 
background and justification for the research are briefly presented in Section 1.1. This is 
followed by Section 1.2, which summarily explains the previous study, on which the 
work in this thesis is specifically based. Also, the research questions are formulated, and 
provided alongside the objectives and scope in Section 1.2. Finally, Section 1.3 gives a 
succinct overview and breakdown of the entire thesis. 
1.1 RESEARCH BACKGROUND 
The recent decades have seen an emergence of the application of composites in 
aerospace structures. Advanced composites provide an avenue to make aircrafts, 
spacecrafts and other vehicles that are lightweight; and therefore, help to promote 
structural efficiency. Asides the weight reduction that they offer, fiber reinforced polymer 
(FRP) composites also help to avoid the corrosion issues that are usually encountered in 
metallic structures. These desirable characteristics are augmented by the excellent fatigue 
behavior of laminated composites, which make them highly attractive for durability 
considerations in aircraft and spacecraft development. 
Since the 1960’s, the applicability of advanced composites has been explored by 
aerospace engineers. Lightweight FRP composites were initially introduced on military 
aircrafts as replacements for metallic structures. The Vought A-7, and S-3A and General 
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Dynamics F-111, are some examples of early utilization of advanced composites in 
military aircrafts (Jones [5]). The use of composites in commercial airplanes was 
however achieved later, beginning with gradual implementation in secondary structures. 
In forethought, it was considered imperative to gain sufficient experience from those 
secondary structures, before extending the use of advanced composites to the more 
critical parts of aircrafts. As provided by Roeseler et al. [69], Figure 1.1 presents a brief 
overview of the practical implementation of advanced composites in real-world aircrafts 
from a historical perspective. 
 
Figure 1.1 The implementation of composites in aerospace structures. Source: Roeseler 
et al. [69] 
 
Today, the demand for highly efficient airframes, to save fuel consumption and 
consequently environmental emissions and cost, has driven a massive implementation of 
composites in commercial airplanes. Not only has the use of advanced composites been 
extended to primary structures, but a number of aircrafts with their structure 
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predominantly made out of composites, have emerged. Some new so-called full-
composite commercial airliners have as much as their entire fuselage, and a significant 
portion of their wings made out of fiber-reinforced polymers. Popular examples are the 
Boeing 787 Dreamliner, and the Airbus A350-XWB. Figure 1.2 and 1.3 depict the 
extensive use of composites in the structural make-up of these aircrafts. It must be 
mentioned that composites have also been extensively used for the structures of small 
general aviation airplanes, the Diamond DA20 Katana being a good example. 
 
Figure 1.2 The implementation of composites in modern commercial aircrafts: The 





Figure 1.3 The implementation of composites in modern 
commercial aircrafts: The Airbus A350-XWB. Source: Fabricius 
[71] 
Fiber-reinforced polymers composites are often produced in the form of 
laminates, which are obtained by stacking together multiple layers of heterogeneous 
material system. In these laminated composites, continuous fibers such as carbon or glass 
fibers are consolidated with a resin material. Comparatively, the fibers have very high 
stiffnesses and strength, while the resin is typically a low-stiffness/strength matrix. For 
the most part, the set-up is such that: 
• The fibers carry the most significant portion of loading 
• The matrix resin acts as a consolidator and ensures the fibers are aligned in the 
desired direction 
Although the primary essence of the matrix is consolidation, it secondarily acts as 
a medium of load transfer between the fibers. The philosophy behind FRPs is that fibers 
with very high stiffnesses and strengths, are aligned in the direction of loading, thereby 
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maximizing the mechanical properties of the composite for applicable loading conditions. 
By implementing this philosophy, fiber reinforced polymers are able to proffer material 
systems whose strength to weight ratio is more competitive than homogenous materials. 
Laminated composites are constructed in such a way that existing layers can be 
given any desired orientation. The alignment of fibers in a certain direction as discussed 
in the previous paragraphs, result in the directionality of the properties of FRP laminates. 
These directional properties can be tailored for special loading condition, by changing the 
orientation of individual layers in a laminate. In the industrial application of composites, 
layer orientations are typical restricted to only a handful of prescribed angles: 0˚, 45˚, 90˚ 
and -45˚. These restrictions were created to account for issues such as manufacturing 
realities, and the ability to characterize the mechanical behavior of practical laminates. In 
existing literature, laminates with only these four-layer configurations have been 
described as conventional laminates [31]. 
It is in the nature of aerospace engineering that performance must be pressed 
forward right to their limits, and the full potential of composites can only be reached by 
optimizing each laminate for their intended loading condition. This can be done by 
allowing for other orientations in practical laminates, and any laminate containing layer 
orientations other than the four mentioned in the previous paragraphs, are regarded as 
non-conventional laminates [31]. A number of studies in literature have pointed at the 
advantages of non-conventional laminates in terms of improved structural performance. 
By implementing non-conventional layer orientations, an engineer can extend the 
potential of composites and therefore improve structural efficiency. This ultimately, 
would lead to truly tailored composite structures. 
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1.2 RESEARCH PREMISE AND OBJECTIVES 
In the context of this thesis, a laminated composite with any fiber orientation 
other than 0˚, 45˚, -45˚ or 90˚ is regarded as a non-conventional laminate (NCL). By the 
preceding definition, there are a myriad of stacking configurations for non-conventional 
laminates. The work presented in this research however focuses on quasi-isotropic 
laminates; with a view to extend their understanding to other non-conventional layups 
that are further unfamiliar. Quasi-isotropic (QI), non-conventional laminates have been 
the subject of previous studies by Sun et al [1], where the authors presented some 
interesting insights into their strength characteristics. Their study investigated the 
anisotropy of strength in two categories of quasi-isotropic laminates, under coupon 
tension tests. The first category consisted of laminates whose layup sequences were 
generated from the rotation of a baseline of [0/90 /45/−45] 𝑆, at 7.5⁰ intervals. The 
others were however obtained from 10⁰ rotations of a [0/60/−60] 𝑆 baseline. Table 1.1 
below enumerates all the layups used in the research. 
Table 1.1 Quasi-isotropic layups investigated by Sun et al [1] 
[𝟎/𝟗𝟎 /𝟒𝟓/−𝟒𝟓] 𝑺 Baseline [𝟎/𝟔𝟎/−𝟔𝟎] 𝑺 Baseline 
Rotation Layup Rotation Layup 
0⁰ [0/90 /45/−45] 𝑆 0⁰ [0/60/−60] 𝑆 
7.5⁰ [7.5/97.5 /52.5/−37.5] 𝑆 10⁰ [10/70/−50] 𝑆 
15⁰ [15/105 /60/−30] 𝑆 20⁰ [20/80/−40] 𝑆 
22.5⁰ [22.5/112.5 /67.5/−22.5] 𝑆 30⁰ [30/90/−30] 𝑆 
30⁰ [30/120 /75/−15] 𝑆 - - 
37.5⁰ [37.5/127.5 /82.5/−7.5] 𝑆 - - 
45⁰ [45/−45/90/0] 𝑆 - - 
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Sun et al [1] submitted from their studies, that the free-edges play an important 
role in the failure of these coupons, especially the non-conventional layups. According to 
them, when non-conventional layups are tested, these three-dimensional stresses tend to 
induce delamination; leading to a significant reduction in observed laminate strength. The 
authors further implemented a failure criterion that includes measures of interlaminar 
strengths, to successfully predict the tensile strength of the coupons with non-
conventional layups. The anisotropy of the strength observed in coupons with even quasi-
isotropic stiffness characteristics, were therefore attributed to these three-dimensional 
stresses. In a bid to gain a comprehensive knowledge of the strength of quasi-isotropic 
NCLs; it becomes imperative to first assert, and gain further insight into these 
conclusions. A well-constructed extension of the study would provide further 
clarifications in the following ways: 
1. In the work of Sun et al [1], only a few rotations of the baseline layups (7.5⁰ for 
[0/90 /45/−45] 𝑆, and 10⁰ for [0/60/−60] 𝑆) were investigated. It would be 
beneficial to know the extent to which the strength characteristics of a few 
principal stacking configurations are representative of other possible rotations of a 
baseline QI layup. 
2. Similarly, the study was based on only two baseline QI layups. Research related 
to the prediction of failure in laminated composites [8] has however shown that 
the accuracy of existing failure criteria, are specific to the case under study. The 
viability of a single strength prediction methodology, for other possible baseline 
layups of quasi-isotropic laminates, is therefore a valid topic. 
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3. The strength predictions obtained from a three-dimensional stress-inclusive 
criterion, like that which is presented by Sun et al [1], is strongly dependent on 
the implemented values of interlaminar strengths. The interlaminar strength is 
however, a function of material type, and only an AS4/3501-6 material system is 
used in [1]. It is therefore useful to know the influence of using different material 
systems, on the viability of a strength prediction approach for non-conventional 
quasi-isotropic laminates. 
4. Finally, the estimation of interlaminar stresses in Sun et al [1], was based on a 
simplified Quasi-3D FE formulation. However, it is now generally accepted that 
the most accurate method to compute interlaminar stresses in composites is by 
using full three-dimensional finite element models, with multiple elements per ply 
[10]. A look into full 3D FE would be useful for the study of the strength of non-
conventional quasi-isotropic laminates. 
The research presented in this thesis seeks to answer the issues raised in the 
previous paragraph. A logical hypothesis is that the work of Sun et al [1] would be 
sufficient to understand the strength of all kinds of quasi-isotropic laminates, regardless 
of their material type, baseline layup or actual stacking sequence. Therefore, this research 
adopts a direct approach, whereby the validity of this hypothesis is immediately checked 
by a combination of these possible variabilities. In this work, a study is carried out; of 
laminates, whose material type, baseline layup and rotation of baseline layup, differ from 
those presented by Sun et al [1]. The desired outcome is to develop a simple and 
practically implementable analysis framework and corresponding failure criterion, which 
authoritatively defines the tensile strength of the non-conventional quasi-isotropic 
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coupons presented in this thesis. In the long term, this will elucidate the strength 
properties of other quasi-isotropic coupons, and non-conventional laminates in general. 
1.3 THESIS OUTLINE AND OVERVIEW 
The study about the strength of non-conventional, quasi-isotropic laminated 
composite coupons, under uniaxial tension is divided into four parts: 
• Research premise, objectives and general approach 
• Experimental investigations and simple modelling 
• Three-dimensional finite element analysis 
• Recommendations and future developments 
Chapter 1 briefly discusses the overall significance of the thesis, for practical 
applications in aerospace structures. It also establishes the basis for the work, by 
describing in detail, the relevant inferences from an existing research work. Furthermore, 
Chapter 1 raises important research questions and sets concise objectives, for the overall 
goal of the mechanical characterization of non-conventional laminates (NCLs). In 
Chapter 2, a literature review on non-conventional laminates is first presented as a 
motivation for this thesis. Thereafter, the essential features and some existing literature of 
the general framework for the characterization of laminated composites, which is also 
followed in the rest of the thesis, are provided. 
Secondly, Chapter 3 implements the general approach introduced in Chapter 2, 
for the mechanical characterization of laminates; to first experimentally investigate the 
strength of selected NCLs. For the analysis of the laminates, it further provides 
preliminary results that correspond to simple modelling of the progressive failure of these 
NCLs. The main laminate configurations selected for these studies, specific methodology 
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for the experiments and preliminary analysis, together with the obtained results are all 
provided in Chapter 3. 
The main work of this thesis is predominantly in Chapter 4, wherein a three-
dimensional FE model is implemented to capture the full stress states of selected laminate 
configuration, under uniaxial tensile loading. The theoretical background, details of 
implementation methodology of 3D FEA and the obtained results are all discussed. The 
concluding section of Chapter 4 provides a preliminary assessment of the obtained results 
with regards to the prediction of the strength of the selected NCLs. 
Lastly, Chapter 5 summarizes the general implications of results obtained from 
the entire thesis work and presents recommendations for future research on the 





2.1 NON-CONVENTIONAL LAMINATES (NCLS) 
The technology of advanced composites has been in constant development for 
several decades. As compared to metals, fiber reinforced polymers (FRPs) give the 
advantage of providing higher strength-to-weight ratios. This is very good for structural 
applications, and particularly for aerospace structures where the reductions in weight can 
be used as a means for substantial fuel efficiency. This is the single biggest factor that 
attracts interest for the application of composites in aerostructures. A number of other 
advantages include the fact that FRPs are significantly resistant to corrosion, and they are 
also not subjected to the kind of fatigue seen in metallic structures. However, there are 
also a couple of downsides to the usage of composites. Asides the fact that they are 
extremely complex to understand, design and characterize, they are also susceptible to 
complicated failure processes. Under impact loads, the failure of a composite aircraft 
component may be such that an internal damage is initiated, and this damage may not be 
visible on the surface of the components. This eventually leads to expensive inspection 
policies, which are implemented to avoid unexpected failure. 
Also, laminated composites have been historically manufactured by manual lay-
up procedures, and robot-enabled manufacturing-such as the advanced fiber placement 
(AFP) technology, have only been recently introduced in the industrial manufacturing of 
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composites. It is difficult to accurately manually-lay laminated plies with all the 
numerous possible orientation of fibers. The complexities involved in understanding 
composites, and the difficulty in manually laying plies with any desired fiber orientation, 
have led designers to employ certain conservative guidelines. Currently, real-world 
laminated composites are restricted to have only a handful of fiber orientations: 0°, 90°, 
45°, ‐45°. An examination of how much advantage designers can get by allowing for 
other possibilities for fiber orientations, therefore becomes an interesting research topic. 
For several years, researchers have studied and provided sufficient evidence for 
increasing the structural performance of laminated composites, by allowing for non-
customary fiber orientations. In the context of this work, any laminate made to have fiber 
orientations restricted to only 0°, 90°, 45°, ‐45° angles is referred to as a conventional 
laminate (CL). Accordingly, a laminate that contains any other fiber orientation is 
considered to be a non-conventional laminate (NCL). From a very general perspective, 
there are many different kinds of non-conventional laminates. And in the literature, NCLs 
been classified in multiple ways and with several different terminologies. The 
descriptions on Figure 2.1 and 2.2 therefore attempts to provide a comprehensive view of 
non-conventional laminates as defined in the context of this work. 
2.1.1 Classifications of Non-Conventional Laminates 
The most obvious way of creating an NCL is to simply allow the rectilinear fibers 
of a laminate, to have non-customary orientations, for example 15°, 30°, etc. The other 
way however, is to completely deviate from the traditional design of laminates by 
allowing for curvilinear fibers. The result of the latter is a planar variation of fiber 
orientation, such that every discrete point in a layer possesses its own unique fiber angle. 
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On Figure 2.1, NCLs with rectilinear fibers are referred to as Straight-fiber Non-
Conventional Laminates (SNCLs) and those with curvilinear fibers are referred to as 
Steered Fiber Laminates (SFLs). In the perspective presented on the figure, SNCLs can 
also either be of the dispersed or helicoidal type. Dispersed laminates have been 
investigated for impact tolerance, as discussed by Abdella et al [53]; and helicoidal 
laminates have been mentioned and investigated in the works of Ginzburg, D., et al. [54]. 
A number of researches have also mentioned the use of laminates that have rectilinear 
fibers, but deliberately include tow-drops or discrete stiffeners; and both types are 
categorized as special types of SNCLs on Figure 2.1. By envisaging the elastic response 
of SFLs, we understand that they will inherently exhibit planar variations in stiffness, and 
therefore many literature have referred to them as Variable Stiffness Composite 
Laminates (VSCLs). 
The other perspective of looking at non-conventional laminates is categorizing 
them based on their stiffness characteristics. On Figure 2.2, NCLs are categorized as been 
either of the constant stiffness and the variable stiffness type. From this viewpoint, the 
rectilinear-fiber laminates with dispersed fiber orientations, and helicoidal laminates have 
constant stiffnesses at every planar location and are therefore categorized as constant 
stiffness laminates. On the other hand, laminates with steered fibers, and laminates with 
rectilinear fibers but include tow drops and/or discrete stiffeners, all have their stiffnesses 
varying for every planar location and are aptly classified as variable stiffness laminates. 
Historically, several investigations have been undertaken for straight-fiber and 
steered fiber non-conventional laminates. A wide range of topics have been pursued for 
such studies. These include design for improvements in stiffness, buckling and post-buc- 
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Figure 2.1 Categorization of non-conventional laminates based on fiber format 
 



































kling, dynamic response, damage tolerance, thermal response, and many others. 
Fortunately, researchers have shown that the structural performance of laminated 
composites can be significantly enhanced by employing non-conventional configurations. 
This means that NCLs provide an avenue to further extend the capabilities of laminated 
composites, thereby leading to truly tailored composite structures. A number of studies 
on NCLs are presented herein, as reported in existing literature. 
2.1.2 Research on Straight-Fiber Non-conventional laminates 
Over the past decades, there have been numerous investigations on the 
mechanical characteristics of straight-fiber non-conventional laminates (SNCLs). One 
study that is related to engendering laminates with non-conventional fiber angles was 
conducted by Dost et al [21]. The authors looked at the possibility of improving the 
damage resistance of composite laminates by varying their stacking sequences. They 
conducted some low velocity impact (LVI) tests on laminates with various stacking 
sequences and reported that the compression-after-impact (CAI) capabilities was 
dependent on stacking sequence. In a related research, Fuoss et al [22] completed a 
number of predictions on the damage resistance of laminates with different stacking 
sequences. Although the goal of their work was to test the capability of their damage 
prediction methodology, it is however important to note that the study included laminates 
with non-conventional fiber orientations.  
The research reported by Rahul et al [23], was conducted in a design perspective. 
The authors attempted to optimize laminated plates for an impact loading case, using 
fiber orientation as one of the design variables. The work involved the combination of a 
genetic algorithm methodology with finite element analysis, to design impact resistant 
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graphite and aramid hybrid laminates. In their optimization scheme, the researchers 
allowed the possibility of having ply angles between 90° and 90° with increments of 1°. 
The optimal designs that evolved in their research included laminates with ply 
orientations such as 65°, 83°, 14°, 41°; which are by our definition, non-conventional 
laminates. Rahul et al [24] later also worked on a similar study of laminates under 
transverse impact. Again, the resulting solutions included non-conventional fiber 
orientations such as 23°, 14°, 65°, and 12°; and are therefore NCLs. Lopes et al [25] 
looked at the possibility of dispersing the stacking sequence of laminated composites, for 
improved damage tolerance. Their study involved the use of Genetic Algorithms to 
design laminates with the same in-plane and bending stiffness properties as those 
obtained from traditional stacking sequences. In contrasts to the previously mentioned 
study of Rahul et al [23], they allowed ply orientations to vary at 5° intervals. The 
authors were able to come up with laminate designs that had lower damage footprints 
when impacted. Also, these designs included fiber orientations of 80°, 5°, 20°, and 10°, 
making them NCLs. 
In further developments, Lopes et al [26] experimental studied the impact 
performance of two dispersed stacking sequence layups. The experiments completed 
were the drop-weight impact and compression-after-impact tests. In comparison to 
conventional layups, the authors reported that there were no definitive improvements 
gained by using the selected dispersed laminates. They further suggested that these 
improvements could be gained by imposing certain restrictions on the fiber angle 
difference between neighboring plies, and the location of delaminations. This work was 
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followed by computational efforts by the same authors [27], to evaluate the impact 
performance of selected dispersed stacking sequence designs. 
Numerous other computational efforts were later directed at the optimization of 
SNCLs. In a publication by Gyan et al. [28], a genetic algorithm-based optimization of 
laminates for impact resistance, was discussed. They conducted numerical analysis of the 
laminates under tension and compression load cases. According to the authors, non-
conventional layups provided more damage tolerance than conventional laminates.  An 
Ant Colony Algorithm was utilized by Sebaey et al [29] to design non-conventional 
laminates with improved response, considering compression and biaxial loading. 
Accordingly, the researchers presented results to show improvements in the critical 
buckling load (for the biaxial compression), and a decrease in the matrix/fiber failure 
indices (for biaxial tension). Finally, Abachizadeh et al [30] also implemented an Ant 
Colony methodology to design hybrid laminates, for optimal fundamental frequency. The 
design variables were the fiber orientations, and the laminates studied also included non-
conventional fiber angles such as 15° and 75°. Researchers have completed numerous 
other studies which are related to Straight-Fiber Non-conventional laminates. However, 
the studies reported herein are sufficient to show the viability of SNCLs for improving 
the performance of composite structures. 
2.1.3 Research on Steered-Fiber Non-conventional laminates 
According to Lopes [31], an understanding of the response of straight-fiber non-
conventional laminates, could be extended to also understand SFLs. In that sense, the 
importance of this thesis is that a critical understanding of SNCLs can be used to 
engender real-life application of both SNCLs and SFLs. Therefore, it is also useful to 
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look at the bigger picture of the structural advantages that SFLs can provide, as a 
motivation for the work presented in this thesis. In general, the several years of steered-
fiber research has been targeted at designing truly tailored structures, by implementing 
SFLs for improved structural performance. 
The potential structural advantages of Steered Fiber Laminates have been shown 
in various previous research efforts. A considerable number of these efforts focused on 
the static response of SFL panels and involve studies on their stiffness and buckling 
under in-plane loading conditions [32-37]. The idea of varying fiber trajectories to tailor 
the elastic response of laminated composites was explored by Muser et al [38] in 1982. 
The work attempted to reduce the around-the-hole stress localization, seen in a notched 
plate. Variations of fiber angles were introduced around the holes, resulting in a spatial 
variation of elastic properties. The researchers employed an analytical formulation for 
stress concentrations in a notched orthotropic plate under tensile loading. By radially 
varying elastic properties, the authors claimed that there was a significant reduction in 
stress concentration around the holes. In a similar development, Yau et al [39] attempted 
to mitigate the sensitivity of holes in laminated composites. The laminates used in their 
experimental study had its fiber tows pushed apart to create a molded hole and essentially 
had curved fibers. This was achieved by inserting metal pins in fiber weaves even before 
curing the laminates. By having fibers steered around the notch of the laminates, the 
authors claimed that there was an improvement in a structurally important property, their 
open-hole strength. 
Later on, Haftka et al [40] conducted a study on the compressive response of 
notched laminates. The authors looked at the strength improvements that the planar 
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variation of elastic properties could provide for laminated plates. The panels used were 
designed to have increased stiffnesses at the edges by introducing carbon fibers at the 
side-region of glass fiber laminates. Another method used by the authors was to 
redistribute the 0˚ fibers at the mid-region of a carbon-fiber laminate to its sides. In their 
work, they were able to modify the region around the hole by tailoring its stiffness. The 
result was an improvement in the strength of the laminates. Hyer et al [41] introduced the 
concept of curvilinear fiber format to the study of notched laminates. The laminate 
studied was a plate with a hole located at its center. The approach utilized was to align 
fiber trajectories, with the directions of the principal stresses obtainable in different layers 
of the laminate. Also, they used a finite element formulation for stress analysis and 
combined it with Tsai-Wu criteria strength predictions. The result was a prediction of 
significant enhancements in tensile response, when compared to conventional laminates 
with rectilinear fiber formats. Although these significant improvements could not be 
replicated for buckling response, the authors submitted that the curvilinear fiber format 
allows to improve a higher level of efficiency in composite structures. 
The improvement of buckling response by employing curvilinear fibers was 
thereafter explored by Hyer et al [42]. The researchers focused on placing fiber tows in a 
direction that would give favorable load paths. The tailoring was achieved by redirecting 
the loads are from the region of a hole, towards the edges of a laminate. A gradient search 
method and sensitivity analysis were employed in their work, and buckling improvements 
were achieved. In comparison to conventional straight-fiber laminates, the resulting 
buckling loads were in the fiber steered laminates. Also, the authors investigated the 
buckling and failure of laminates with a combination of straight and curved fibers and 
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concluded this type of hybridization improves bucking performance. The study was 
followed by a work by Biggers et al [43], which looked at the compression buckling 
response of tailored composite plates. The study involved redistribution of uni-directional 
plies from mid-laminate region, towards the edges of the laminate. This tailoring was 
shown to have significantly increased the buckling load. A follow up study by Biggers et 
al [44] on shear buckling responses also ensued, and similar improvements resulted. In 
this case, the tailoring was achieved by reconfiguring + 45˚ layer to have a diagonal 
pattern with double symmetry. The authors claimed that the tailoring also allowed for 
improvements in shear buckling performance. 
The design of orthotropic plates, with the objective of optimizing orientation of 
the axes of orthotropy for buckling performance, was explored by Banichuk [45]. This 
numerical study involved a comparison of the in-plane response of tailored plates with 
conventional plates. In a related development, Pedersen [46] optimized the thickness and 
orientations of laminates. Another study by Duvaut et al [47] looked at the optimization 
of composite laminates for different kinds of edge loads. The work was completed by 
using fiber orientation and volume fraction as design variables, and these variables were 
allowed to vary from element to element, in an FE formulation. Crothers et al [48] also 
tailored anisotropic properties in composites. The authors claimed that it was possible to 
optimize stress distributions to reduce the possibilities of obtaining unfavorable failure 
modes. Researchers have also reported extensive work on the optimization of fiber 
steered laminates, with the consideration of important realities such as manufacturing. 
The work by Tatting and Gürdal [50, 51], Gürdal et al [37, 49], Wu et al [34], and Jegley 
et al [35, 36] are all excellent examples. These studies were completed for panels under 
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in-plane loads and involved experimental investigations of the resulting optimal designs. 
The performance of the steered laminates was shown to greatly enhanced, when 
compared to conventional laminates. Some of the research presented by Lopes [31] 
includes the investigation of the influence of manufacturing features (such as to-drops) on 
the in-plane response of steered fiber laminates. 
2.2 MECHANICAL CHARACTERIZATION OF LAMINATED COMPOSITES 
2.2.1 The Building Block Approach to the Characterization of Composites 
Non-conventional laminates are a novel concept of laminated composites, 
developed to improve the performance and efficiency of aerospace structures. In order to 
preserve the structural integrity of aerospace vehicles, the aerospace/composite industry 
has provided guidelines and frameworks to implement any new material system in real-
world structures. The standard framework for the characterization of new materials for 
aero-structural applications is called the Building Block Approach, illustrated on Figure 
2.3. Composite Materials Handbook [18] explained that this approach involves a 
methodical combination of analysis and experimentation to provide substantial evidence 
for the behavior of composite structures. As shown on Figure 2.3, each step of the 
building block corresponds to investigations for a different structural scale of interest. 
The step by step approach is based on the levels of complexity encountered in the 
understanding the properties of composite structures. The most basic level is the coupon 
scale, where studies are carried out for un-notched laminates. As we move up the 
building blocks, the complexity is slightly increased to include discontinuities commonly 
experienced in laminated structures, such as joints. While rudimentary properties such as 
tensile and compressive strength are sought at the coupon scale, the more complex chara- 
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Figure 2.3 The building block approach. 
Source: Composite Materials Handbook 
[18] 
cteristics such as the static strength of the entire structure is sought at the full-scale 
testing level. 
Ideally, it would be desirable to experimentally determine properties at the 
different levels of structural complexity. However, experimental validation would require 
the use of several specimens for every stage, which is rather expensive and time 
consuming. Therefore, more testing is carried out at the lower levels, and the number of 
tested specimens is reduced as the complexity and consequently cost increases. The 
justification for this mindset is based on the presumption that a build-up of understanding 
is achieved at subsequent levels of the building block. The research presented in this 
thesis looks at gaining understanding at the coupon level, specifically for the static 
strength of non-conventional laminates, under uniaxial tension. Furthermore, these 
properties are sought for only room-temperature testing conditions. Regardless of which 
material properties are sought, the two main topics of the building block approach are: 
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• Computational predictions or analysis of mechanical behavior 
• Experimental characterization or mechanical testing 
2.2.2 Experimental Characterization of Laminated Composites 
Mechanical testing is one of the main endeavors that are important to the 
qualification of new composite concepts; the other being analysis. However, obtaining 
reliable test data for laminated composites is by no means a trivial undertaking. This is 
due to the multiplicity of inherent complexities and factors that determine the behavior of 
laminates. Examples of such are the irregularities that can be encountered during the 
manufacturing of laminates. For instance, a minor deviation of fibers from intended 
orientation, could be induced during manufacturing. Although advanced robotics such as 
the AFP technology have enabled more accurate manufacturing of laminates, this could 
still be a significant issue in laminates manufactured by other methods such as Manual-
layup. Even if the fibers are properly arranged in the right orientations, defects such as 
gaps and overlaps could still be present during the layup process. Furthermore, the curing 
process has been known to also produce laminates with unwanted variations in fiber 
volume fraction.  
Another factor that can convolute the testing of laminated composites relates to 
the nature of the test articles themselves. In a basic material properties test such as those 
studied in this thesis, small coupons are used as test articles. However, these tests 
coupons are usually obtained by cutting laminated panels, and the cutting process can 
induce serrated edges, or even delamination in the coupons. Even if these serrations are 
very small, they have the capability of significantly reducing the strengths of the 
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coupons. The popular procedure to reduce the decrease in strength caused by cutting, is to 
polish coupon edges with abrasives.  
A third area of complication is with the test set-up. The coupon testing of 
composites usually involves some form of gripping of the coupons. While these grips are 
necessary to hold the test articles in place during testing, they can however induce 
significant stresses to the test articles themselves. The deformation and overall failure of 
the coupons may therefore become a function of these stresses. This has been shown to 
lead to grip-induced failure and reduction in ultimate strength and is escalated by the fact 
that the out-of-plane strength of composites is considerably low. Although this problem 
of grip-induced failure is mitigated by using end-tabs, the tabbing of composite coupons 
is more of an art than a science; according to [3]. Tabbing is generally done with a trial-
and-error approach, whereby an investigator would select whichever approach works for 
his material system and test case. Another issue with the test set-up is test coupon 
alignment. Due to the anisotropy of laminated composites, it must be ensured that test 
coupons are properly aligned with respect to the loading axis of the testing machine. As 
reported by [4], unidirectional specimens are highly sensitive to misalignment. Even 
though the use of alignment fixtures can help avoid gross misalignment, minor deviations 
from the loading axis can still occur during testing. Ultimately, the intrinsic homogeneity 
and anisotropy of laminated composites leads to the multiplicity of special testing 
considerations, and proper care must be taken to obtain reliable test data. 
In a typical coupon test program for laminated composites, some specimens 
would exhibit unwanted failure mode and locations. An ideal test set-up would always 
produce failure in the gage region of the coupon, therefore any failure that occurs in the 
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grip region is regarded as being unacceptable. Secondly, a test run is deemed 
unacceptable if it results in a slippage between the tabs and the coupons, prior to failure. 
2.2.3 The Standard Test Method for Tensile Properties of Polymer Matrix Composites 
One of the generally acceptable standards for experimentally investigating the 
response of laminated composites to uniaxial tension, is the ASTM 3039D [3]. The 2008 
version of this standard provides detailed step-by-step recommendations for testing 
laminates. The standard gives guidelines for the entire process of laminate 
manufacturing, specimen preparation, testing, data reduction and guidelines for 
deductions and data presentation. In addition to the factors discussed in section 2.2.2, the 
standard identifies free-edge effect as one of the factors that could interfere with the 
obtention of reliable test data. It further explains that off-axis plies can lead to edge 
softening, which ultimately causes a reduction in observed laminate strength and stiffness 
estimates. The following paragraphs discuss the recommendations provided by the 
standard, that correspond to some of the essential considerations in composite testing. 
The ASTM standard [3] recommends that the process of manufacturing test 
panels must gain proper attention, to avoid fiber misalignment. As for the possibility of 
cutting-induced serrations at coupon edges, the standard provides guidelines for the 
cutting procedure, to prevent the introduction of unwanted features such as notches and 
delamination. To do this, it is recommended to use a diamond tool or water-cutting to 
achieve reliable cuts. In addition, the document specifies a number of guidelines to 
prevent grip-induced failure. These guidelines are highlighted below: 
1. Grips should overhang the beveled portion of end tabs 
2. The coarseness of the serrations on the grip surfaces should be minimal  
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When tabs are to be used with wedge grips, it is also recommended to have the 
tabs beveled at an angle between 7 and 10°. Furthermore, these tabs can be made of glass 
fiber reinforced polymers, steel or same material as that of the coupons, and can be 
attached to the coupon using a tough adhesive. A trial and error approach should be used 
to validate the combined method of gripping and tabbing; and ensure that for a high 
percentage of tested specimens, there are no unwanted failure modes/location 
2.2.4 Progressive Failure Analysis of Composites 
It has been established in the previous section that the general framework for the 
characterization of advanced composites, includes both theoretical predictions and 
experimental substantiation. The mechanical behavior of composites is inherently 
complex, and predicting their failure is therefore not a trivial endeavor. Philosophically, 
as compared to homogeneous materials, Fiber Reinforced Polymers (FRPs) essentially 
consist of at least two distinct mediums – the fibers and the resin matrix. This means that 
when an FRP is subjected to a loading condition, the resulting internal distribution of 
load is inherently convoluted. This is further escalated by the fact that when damage 
occurs, a redistribution of loads follows, and this load redistribution is potentially more 
complex than that which existed when the composite was undamaged. The failure of 
composites is usually predicted by implementing some form of Progressive Failure 
Analysis (PFA), which entails stepwise modeling of damage events and their influence 
on subsequent behavior damage of the composite. 
Over the decades of research in advanced composite, several PFA methodologies 
have been developed. Although the general approach is the same, these multiple 
methodologies correspond to a myriad of perspectives and theoretical formulations for 
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evaluating composite failure. However, previous research efforts have indicated that the 
existing methods only work for specific cases of laminate stacking sequence and loading 
[8]. An important factor that affects the capabilities of many PFA methods is the scale 
considered for analysis. One of the simplifications that have been used for laminate 
modeling is the idea to homogenize the properties of the fiber and matrix, and obtain a set 
of material properties defined for an entire layer. Afterwards a laminated composite is 
treated on the ply scale, for the purpose of predicting elastic and failure response. This 
idea works for representing the elastic response prior to damage, but becomes less 
reliable when considering damage and failure. This is not surprising, as studies have 
shown that the damage of laminates could be constituent, ply and laminate level events; 
thereby making laminate failure a multi-scale phenomenon. 
2.2.4.1 Essential Features of PFA frameworks 
The existing computational frameworks for performing Progressive Failure 
Analysis, can generally be broken down into schemes for Stress Analysis and Failure 
Analysis. The former involves the representations of the equations governing anisotropic 
elasticity to obtain deformation and internal stress states while the latter considers these 
stresses/deformations in relation to material allowables. The result is a failure evaluation 
framework which considers the various damage mechanisms of laminated composites 
such as matrix cracking, fiber fracture, and delamination. The job of these frameworks is 
not only to predict the initiation of damage events, but also model damage evolution 
(propagation and growth) that leads to ultimate failure in composites. 
The Stress Analysis and Failure Analysis schemes used in general PFA can be 
further broken down into a number of main features. PFA methodologies are often times 
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implemented in FE tools, involving incremental loading and failure evolution of 
composite structures. In the PFA of composite structures, non-linear analysis is 
commonly included to account for geometric non-linearities and establish equilibrium at 
each load step. The equilibrium states achieved in the non-linear analysis is then used to 
compute stresses for every layer, before comparing the stresses to material allowables. 
Afterwards, failure criteria are used to detect failure in any of the plies, and the ply 
properties are modified based on a of material property degradation scheme. Therefore, 
apart from the non-linear analysis procedure, PFA methodology generally include the 
following features: 
• A stress recovery capability for capturing reliable stresses in each layer of the 
laminate 
• Failure theories/Failure criteria used to predict failure in the layers, and determine 
the mode of failure 
• Material degradation schemes and damage models, that compute estimated values 
for new material properties after failure, and predict the evolution of damage in 
the composites 
In this section, failure criteria and material degradation schemes will be discussed in 
further details. 
2.2.4.2 Failure theories and Material Degradation Schemes 
The term progressive failure aptly illustrates the true nature of failure in laminated 
composites. The ultimate failure of laminated composites is usually a result of the 
accumulation of local damage events, and the analysis is commonly tackled on a 
macroscopic level and ply-by-ply basis.  The first ply failure (FPF) is detected by using 
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an appropriate failure criterion, and existing failure criteria can be sub-divided into the 
mode-determining and the non-mode determining types. While the former predicts the 
actual mode of failure such as matrix cracking and fiber fracture, the later do not. 
However, the prediction of succeeding failure depends on information on the actual 
modes/mechanisms of failure. Many of the existing failure criteria [55-60] are based on 
the distribution of stresses in different plies, with respect to corresponding measures of 
strength such as longitudinal tensile strength (𝑋𝑡), transverse compressive strength (𝑌𝑐), 
etc. Whenever the stress levels exceed these material allowables, a failure event is 
predicted, and a corresponding change in material properties is must ensue. Failure 
theories of laminated composites are also commonly categorized as Interactive and Non-
interactive types. A number of publications give information about the most popular 
failure criteria [56-57, 60]. 
In the study of laminated composites, non-interactive criteria refer to those failure 
theories that consider individual stress/strain components with respect to corresponding 
material strength, to determine the failure state of laminates. However, the response of 
laminated composites are known to be convoluted in a such a way that it usually takes 
interactions between multiple stress/strain components to produce failure events.  
Therefore, interactive failure criteria have been developed to take into account these 
interactions in order to more accurately predict failure loads. A number of these theories 
have been used to predict the first-ply failure and ultimate failure of laminates, as 
reported in several publications. Some popularly used failure criteria are listed on Table 
2.1. Apart from categorizing them as been of the interactive or not, Table 2.1 also 
mentions whether they are of the mode-determining or the non-mode determining types. 
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Table 2.1 Some popular failure criteria for laminated composites (I. 




Tsai-Wu (I)  ✔ 
Tsai-Hill (I)  ✔ 
Azzi-Tsai  ✔ 
Hoffman (I)  ✔ 



















The Modification of material properties carried out after each failure event in 
progressive failure analysis, are enabled by some sort of degradation factor. Degradation 
factors are used to multiply current properties to obtain post-damage estimates of 
corresponding stiffness/strength values, and several degradation factors have been 
reported in existing literature. Some degradation schemes propose that once failure is 
detected, the stiffness properties that corresponds to detected failure mode, must 
immediately be reduced to a zero value. These schemes are known as instantaneous 
degradation schemes. To avoid issues during computation, they are actually reduced to an 
insignificant non-zero value during implementation in computer codes. However, 
laminated composites still retain some form of longitudinal, transverse or shear stiffness, 
even when they fail in fiber or matrix mode. Therefore, other degradation schemes that 
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take this into account, have been introduced. They involve a gradual reduction of 
stiffness properties as failure progresses in a laminated composite [60-63]. Figure 2.4 
illustrates the theoretical damage behavior on which the ply-discount instantaneous 
degradation and the gradual degradation schemes are based.  
 
Figure 2.4 Damage behavior as theorized by the ply discount and gradual 
degradation schemes. Source: Sleight [9] 
2.2.4.3 Research in Progressive Failure Analysis 
Progressive Failure in laminated composites has been the subject of various 
research work, carried out over the decades of the development of advanced composites. 
The fist-ply failure of laminates under loading, was the focus of the research reported by 
Reddy et al [58]. In their solution, the authors implemented an FE formulation based on 
the First-Order Shear-Deformation Theory (FSDT) for stress analysis. This was 
combined with interactive failure theories: the Tsai – Wu (non-mode determining) and 
Tsai-Hill (mode determining) criteria. Other criteria used include the maximum stress and 
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the Hoffman criteria. According to their report, all the failure theories successfully 
predicted the initiation of failure of the laminates, under in-plane loading. It was however 
noted that for out-of-plane loading, the results failure loads and locations predicted by the 
Tsai-Hill criteria was markedly different from those predicted by Tsai-Wu, maximum 
stress and Hoffman criteria. 
A follow up study by Reddy et al [64] extended the studies to include the 
degradation of material properties and progressive failure analysis. They also used an FE 
formulation for their stress analysis and retained the same criteria implemented in their 
preceding studies. The detection of failure is based on failure indices which are 
mathematical estimates of the magnitudes of the stresses obtained, relative to material 
allowables. In this case, whenever ply failure is detected, the stiffness properties of the 
ply is degraded according to detected mode of failure. The degradation is conducted 
according to a determination of whether a stress component significantly contributed to a 
corresponding failure index. A degradation factor of between 0 and 1 is used to reduce 
the stiffness properties of the damaged plies. The degradation is followed by stress 
analysis step, and the process is repeated until the catastrophic failure of the laminate is 
achieved. The authors further implemented their PFA framework for the prediction of the 
strength of tensile loaded notched laminates and an unnotched laminate under out-of-
plane loads. Another study by Reddy [65], on the tensile loading of composites, showed 
that the different failure theories predicted significantly different failure loads. 
In a later development, Reddy [66] studied the influence of out-of-plane 
properties on failure prediction in tension loaded laminates.  The stress analysis 
methodology used in his study was based on an FE implementation of the Layer-wise 
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Theory formulation (LWLT) of Reddy, which is capable of predicting interfacial stresses 
in addition to in-plane stresses. In a bid to include the consideration of out-of-plane 
properties, he combined a three-dimensional stiffness degradation scheme with a three-
dimensional progressive failure capability. The failure theories of Tsai-Hill, maximum 
stress and Hoffman were again implemented to predict failure. By comparing their 
predictions with experimental results, the author were able to judge the reliability of each 
criteria, in predicting failure loads. They deduced that the predictions of the Tsai-Hill 
criteria did not match the trends provided by the experiments. Notable was the fact that 
the conservative Tsai-Wu criteria predicted lower failure loads, while the non-interactive 
maximum stress criteria predicted higher failure loads for all the laminates. Numerous 
other PFA-related research with several different stress recovery methods, failure criteria 
and degradation schemes have also been reported in literature. These are excluded in this 
literature review; and the few research efforts mentioned in the previous paragraphs are 




CHARACTERIZATION OF NON-CONVENTIONAL LAMINATES 
This chapter includes details about the experimental program on which this 
research is based; and explores the suitability of simple computational methodologies to 
elucidate the experimentally obtained results. Firstly, an overview of selected laminate 
configurations together with their stiffness characteristics will be presented. Thereafter, 
the process of fabrication of the test panels will be introduced. This is followed by an 
explanation of the technique for the preparation of actual test samples (coupons); and a 
brief description of the experimental set-up and testing procedures. In addition, results 
obtained from the experimental efforts are discussed herein. 
In order to computationally reproduce the essential elements of the experimental 
results, appropriate theoretical models must be implemented. Therefore, a considerable 
portion of this chapter is dedicated to presenting results from existing frameworks for the 
strength predictions of composites; with a focus on a simple approach. Deductions from 
the obtained results are also discussed, and the need for implementing more sophisticated 
computational methodologies is justified on the basis of these deductions. 
3.1 CANDIDATE LAMINATE CONFIGURATIONS 
To actualize the objectives of this work which were discussed in the previous 
chapters, a set of stacking sequence definitions – referred to as Set A are proposed. These 
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candidate laminate configurations are intended to provide a thorough understanding of 
the anisotropy of strength, even for laminates with quasi-isotropic stiffness 
characteristics. Set A is an assemblage of Quasi-Isotropic (QI) configurations, each of 
which differs in its global orientation with respect to any intended direction of in-plane 
loading. For further clarification, an in-plane test on all members of Set A can either be 
considered as: 
i. Tests conducted in different directions on the same laminate or 
ii. Tests conducted in the same direction but for multiple rotations of a baseline 
laminate stacking. 
Table 3.1 and Figure 3.1, respectively, enumerate selected stacking sequence of 
interest for Set A, and illustrate the loading of each configuration under uniaxial tension. 
Applied tensile load is represented by 𝑷 on Figure 3.1. In line with the descriptions 
above, φ represents orientation/angle of rotation of a baseline laminate stacking (QI) of 
[45/0 /−45/90] 𝑆. In the context of this study, a laminate with plies oriented at only 0, 
90, 45, -45 degrees is referred to as a conventional laminate (CL), while a laminate with 
any ply orientation other than 0, 90, 45, -45 degrees is referred to as a non-conventional 
laminate (NCL). Clearly layup candidates A1, A4 and A7 on Table 3.1 are CLs while 
candidates A2, A3, A5 and A6 are NCLs. This classification will be used in later sections 
of this chapter, to discuss results from the test program. The CLs and NCLs can also be 
classified as being on-axis and off-axis types respectively. The functionality of this 
categorization is shown by Sun [1]; whereby the failures of the off-axis type laminates 
are considered markedly different from, and more complicated than those of the on-axis 
types. 
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Table 3.1 QI layup candidates - Set A 
ID Stacking Sequence Φ 
A1 [45/0 /−45/90] 𝑆 0⁰ 
A2 [60/15/−30/−75] 𝑆 15⁰ 
A3 [75/30 /−15/−60] 𝑆 30⁰ 
A4 [90/45 /0/−45] 𝑆 45⁰ 
A5 [−75/60 /15/−30] 𝑆 60⁰ 
A6 [−60/75 /30/−15] 𝑆 75⁰ 
A7 [−45/90 /45/0] 𝑆 90⁰ 
 
 
     Figure 3.1 Set A laminate under uniaxial tension 
In addition to their identical in-plane characteristics, laminates in Set A obviously 
employ symmetry to dissociate their distinct out-of-plane stiffness to the subject of 
interest – their strength. 
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3.2 FABRICATION OF TEST SAMPLES 
In the discussion given in Section 3.1, it was mentioned that the elastic 
characteristics of candidate stacking sequence are identical. This means that proper care 
must be taken at every step of the experimental program to be able to unearth the 
differences in their strength; and preferably, the factors that trigger such differences. 
Accordingly, a meticulous mindset is employed at every single stage of preparing the 
articles used for testing – during laminate manufacturing, coupon cutting, polishing and 
finally, tabbing. 
3.2.1 Manufacturing of Panels 
The complexity of the mechanical behavior of composites is compounded by the 
presence of several variabilities which may exist at different stages of their production 
[2]. In order to minimize the variabilities encountered during manufacturing, an effort is 
made to produce all candidate laminates in the exact same manner, and to ensure that 
intended fiber orientations are obtained with high accuracy. The test samples utilized in 
this study were obtained from Hexcel AS4/8552 laminated panels. The steps taken during 
manufacturing are expatiated in the rest of section 3.2.1. 
3.2.1.1 Cutting and Lay-up Scheme 
Un-slit unidirectional prepreg sheets of AS4/8552 were cut on a Gerber® 
Scientific CNC Cutter (Figure 3.2), and manually-layed thereafter. While a vacuum 
system on the cutter’s table ensures that a sheet is always firmly held in place, the table is 
also properly scaled to ensure the accuracy and precision of cuts. A Cutting and Lay-up 
Scheme is methodized to ensure that the right CAD drawings are presented to the Gerber 
cutting software, and the resulting layers are eventually properly stacked. 
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Figure 3.2 CNC machine used for cutting and lay-up 
The unidirectional prepreg sheets were placed in such a way that their fibers are 
aligned along the length of the cutting table. On the illustration provided in Figure 3.3, 
the reference lines are drawn to also be along the length of the table; which implies that 
they are in the same direction as the fibers would be on the actual cutting table. A ply is 
obtained by cutting out a rectangular section from the prepreg sheets. Figure 3.3 further 
provides information on the procedure for cutting plies with different fiber angles: 
(a) In order to obtain a  0° layer, the top (D-C) and bottom (A-B) sides of the 
rectangular section to be cut, must be parallel to the reference lines. 
(b) Furthermore, to obtain a ply with a positive fiber angle, the rectangular section 
must be cut such that its top and bottom sides are in a clockwise sense, at the 
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corresponding angle to the reference lines. For example, a section with sides (D-C 
and A-B) at 30 degrees-clockwise-direction to the reference lines will provide a 
30° layer. 
(c) Conversely, a negative fiber angle is obtained by cutting the rectangular sections 
in the counterclockwise sense. As shown, a −15° layer is obtained by cutting at 
15 degrees in the counterclockwise direction. 
For each of the 7 stacking sequences presented in Table 3.1, a flat panel 
measuring 12" x 12" is layed. 
 
 
Figure 3.3 Ply cutting & layup scheme. *Reference lines are at the same direction as the 
fibers on the pre-preg sheets 
3.2.1.2 Curing and Inspection 
The panels obtained after the layup procedure were cured in a Bondtech® 
autoclave; and this is done with the aid of stainless-steel caul plates as shown in Figure 
3.4. In addition, the schematic representation for the autoclave manufacturing 
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arrangement and the curing cycle utilized are presented in Figures 3.5 and 3.6, 
respectively. The post-curing thickness of each of the 7 panels was measured to be 0.05". 
 
Figure 3.4 Manual-layup laminates set-up for curing 
 
 




Figure 3.6 Curing cycle for the AS4/8552 panels. Source: 
Hexcel® [72] 
In order to verify the absence of prominent defects, it is important to inspect 
manufactured laminates. Each laminated panel was visually examined, and no noticeable 
defect was found. Due to the credibility of the autoclave technology in producing 
laminates of excellent quality [2], the visual inspection was deemed sufficient in this 
case. Figure 3.7 shows one of the cured panels as an example. 
 
Figure 3.7 A typical fully-cured panel 
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3.2.2 Preparation of Samples 
A high-pressure water jet set-up with sand abrasives (Figure 3.8) was used to cut 
out seven 254 𝑚𝑚 𝑥 25.4 𝑚𝑚 test coupons from each panel; resulting in 49 samples for 
the entire test program. As explained by Hodgkinson [2], having this many samples for 
each stacking sequence of interest allows us to detect any scatter in test data, and thereby 
ensure the repeatability of results. All coupons were visually inspected and the absence of 
machining-induced defects, noticeably rough or uneven surfaces and delamination, was 
confirmed. 
 
Figure 3.8 Set-up for cutting test coupons from panels 
As already discussed in the previous chapters, this study seeks to illuminate 
laminate characteristics that are presumably connected to free-edge effects. In order to 
further undermine the potency of such effects, the edges of all the test coupons were 
polished. This was first carried out with a 300-grit, and followed by an 800-grit abrasive. 
Also, end tabs made from McMaster-Carr® Structural Fiberglass Sheets were attached 
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to the coupons using a Loctite® Epoxy Quick Set adhesive in accordance to the guidelines 
provided by Adams [4]. This is done to minimize the possibility of grip failure in the 
testing process [3]. Figure 3.9 shows a schematic illustration of the tab geometry. It is 
important to mention that due to the polishing procedure, the final coupon planar 
dimensions differ minimally from the originally envisioned 254 𝑚𝑚 x 25.4 𝑚𝑚. Exact 
dimensions of every specimen that was tested are provided together with the test results 
in section 3.3. 
 
  Figure 3.9 End tabs: dimensions and some examples 
3.3 TENSILE TESTING OF NCLS 
3.3.1 Testing Procedure 
Each of the prepared samples were monotonically loaded in tension using an MTS 
Hydraulic Testing System in the Materials laboratory of the Mechanical Engineering 
Department at University of South Carolina, as seen in Figure 3.10. A standard method 
for obtaining the tensile properties of laminated composites - ASTM 3039D [3] was used 
as a guideline for conducting the tests. In order to ensure that the longitudinal axis of 
each specimen coincides with loading direction and consequently prevent bending-
induced premature failure, an Alignment Fixture was installed on each head of the testing 
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machine. The test system was operated in a displacement-control mode; with a loading 
rate of 2 mm/min [0.05 in./min] as recommended in [3]. 
Test data from these experiments were assembled by an external data acquisition 
set-up. A LabVIEW® software is used to directly collect force data from the test 
machine’s load cell. Additionally, the strain of each specimen is monitored by an 
attached Epsilon® axial extensometer, from which data is relayed to the same software. 




       Figure 3.10 Experimental set-up 
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3.3.2 Results Presented 
The characteristic stress-strain response of each laminate of interest is needed to 
obtain a measure of its stiffness, and determine its ultimate tensile strength (UTS). 
equations (3.1) describes the criteria used to get applied tensile stress at every loading 
step (displacement increment) during a test. 
𝜎𝑖 =  𝑃𝑖/𝐴 
𝜎𝑖 =  𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 𝑎𝑡 𝑖𝑡ℎ 𝑙𝑜𝑎𝑑 𝑠𝑡𝑒𝑝 (𝑀𝑃𝑎) 
𝑃𝑖 =  𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑓𝑜𝑟𝑐𝑒 𝑎𝑡 𝑖𝑡ℎ 𝑙𝑜𝑎𝑑 𝑠𝑡𝑒𝑝 (𝑁) 
𝐴 =  𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝑚𝑚2) 
Equations 3.1 Estimation of applied stress in tested coupons 
It is important to mention that all the specimens are assumed to have a constant A 
during testing, and hence 𝜎𝑖 is only a nominal stress. This is justified by the fact CFRP 
coupons like the AS4/8552 coupons tested in this work; experience only a negligible 
change in cross-sectional area under uniaxial tensile loading. Furthermore, the values of 
A are computed by averaging widths and thicknesses taken at different regions of a 
coupon as recommended in [3]. The exact dimensions of every specimen that was tested 
are provided with test results in 3.3.3 and 3.3.4. Finally, the stiffness of each specimen 
was estimated by taking the gradient of the line obtained from a least square data fitting 
on a linear section of its stress-strain curve. 
The seven candidate orientations presented for this study have been clearly named 
(A1-A7) and classified as conventional (CL) and non-conventional (NCL) types in 
section 3.1 of this chapter. In accordance to the piloting work of Sun [1] - which has been 
expatiated in the previous chapters as a premise to this study, the Conventional 
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candidates (CLs: A1, A4 & A7) are expected to exhibit well understood behavior. The 
main topic of this research is the behavior of the Non-Conventional candidates, that are 
less understood and appears to display rather puzzling behavior (NCLs: A2, A3, A5 and 
A6). It therefore becomes logical to assess test results bearing this in mind. Section 
3.3.2.1 discusses the tensile stress-strain responses of the conventional candidates, before 
those of the non-conventional candidate laminate configurations. In addition to stress-
strain plots, stiffness estimates and failure loads are provided to enhance interpretation 
and produce usable inferences. The categorization of the results allows us to firstly utilize 
the expected similarities in the stiffness and strength of CLs as an indicator of the 
acceptability of test results, and subsequently decipher the unconventional nature of 
NCLs. As often seen in composite test programs [2], few specimens experienced 
unacceptable failures, and are therefore excluded in this discussion. Seven coupons were 
tested for each of the 7 candidate configurations. For the purpose of discussing their 
results, each test coupon is uniquely identified with the designation Ax.y; where x is the 
ID for the corresponding candidate laminate configuration, and y is the coupon ID. For 
example, A1.3 represents coupon 3 for candidate A1. 
In order to arrive at usable deductions, it is important to carefully peruse the data 
obtained for each coupon tested in this experimental program. A number of topics such as 
the repeatability and statistical significance of results must be considered, for principal 
issues such as estimated stiffness and ultimate strength. Specifically, since all the 
coupons are quasi-isotropic as described in section 3.1 of this chapter, the test results 
must also portray such. In strict terms, if the stiffness estimates do not manifest quasi-
isotropy then the entire experimental program is invalid. Stiffness estimates are obtained 
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using the least squares data fitting described above, and they are illustrated by plots for 
each candidate laminate, and also provided as numerical values on corresponding tables. 
3.3.3 Test Results: Conventional Laminates 
In this test program, the stiffness manifested by each candidate CL is repeatable, 
with the exception of A1. In fact, the variations, between the minimum and maximum 
obtained stiffness for A4 and A7 are 22.7% and 8.5% respectively. Also, the average 
estimated stiffness of candidates A4 and A7 are expectedly very close. These suggest that 
in the context of this research, results obtained for the two candidates are reliable and 
should be included in further discussions. The details of the test results are provided here, 
and denoted as cases 1-3 for all 3 NCLs. 
3.3.3.1 Case 1: [45/0 /−45/90] 𝑆 
Candidate A1 with the stacking sequence [45/0 /−45/90] 𝑆 is the first non-
conventional laminate whose results would be assessed. Based on previous discussions 
(chapter 2) on the criteria to determine the acceptability of coupon tests, only two of the 
seven tested coupons were adjudged to have experienced acceptable failure. These 
coupons are labelled as A1.2 and A1.3, and their test results are presented in Figure 3.11 
and Table 3.3. Additionally, the actual coupon dimensions are provided in Table 3.2. It 
can be clearly seen that although the failure loads appear to be repeatable, the stiffness 
estimates considerably vary from one another, by 18%. A number of recommendations to 
improve the testing procedure are discussed in chapter 5; and in future test programs, 
these recommendations will help reduce the number of coupons that would experience 
unacceptable failure. 
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                                      Table 3.2 Candidate A1 coupon 
                                           dimensions (mm); 
                                           (csa = cross sectional area) 
Candidate A1; [𝟒𝟓/𝟎 /−𝟒𝟓/𝟗𝟎] 𝑺 
Coupon A1.2 A1.3 
Thickness 1.27 1.07 
Width 23.50 23.50 
𝑐𝑠𝑎 (𝑚𝑚2) 29.77 25.07 
 
 
Figure 3.11 Stress-strain response of A1 coupons 
 
                         Table 3.3 Failure loads and estimated stiffness of A1 s 
                            coupons 
ID 1.2 1.3 Mean 
Estimated 
Stiffness  
33322 39346 36334 
Failure Stress  578.78 581.75 580.27 
3.3.3.2 Case 2: [90/45 /0/−45] 𝑆 
The testing of candidate A4 ([90/45 /0/−45] 𝑆) was successful in terms of 
number of valid coupon tests. The measured stiffness of A4 is repeatable as shown on 
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Figure 3.12 and Table 3.5. However, the measured tensile strength varies considerably 
for each coupon. 
         Table 3.4 Candidate A4 coupon dimensions (mm); (csa = cross sectional area) 
Candidate A4; [𝟗𝟎/𝟒𝟓 /𝟎/−𝟒𝟓] 𝑺 
Coupon A4.2 A4.3 A4.4 A4.5 A4.6 A4.7 
Thickness 1.55 1.55 1.54 1.51 1.47 1.57 
Width 25.71 25.67 25.74 25.67 25.63 25.64 
𝑐𝑠𝑎 (𝑚𝑚2) 39.76 39.78 39.73 38.85 37.60 40.35 
 
 
Figure 3.12 Stress-strain response of A4 coupons 
 
 Table 3.5 Failure loads and estimated stiffness of A4 coupons 
 
ID 4.2 4.3 4.4 4.5 4.6 4.7 Mean 
Estimated 
Stiffness  
23527 21931 21659 21013 23331 25777 22873 
Failure Stress  691.68 594.11 669.4 608.3 655.97 581.9 633.56 
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3.3.3.3 Case 3: [−45/90 /45/0] 𝑆 
Good repeatability of measured stiffness is also seen in candidate A7 ([−45/90 /
45/0] 𝑆). However, as shown on Figure 3.13 and Table 3.7, there is a huge variance in 
measured strengths values. 
                 Table 3.6 Candidate A7 coupon dimensions (mm); 
                 (csa = cross sectional area) 
Candidate A7; [−𝟒𝟓/𝟗𝟎 /𝟒𝟓/𝟎] 𝑺 
Coupon A7.1 A7.2 A7.3 A7.4 A7.5 
Thickness 1.47 1.43 1.27 1.37 1.37 
Width 26.00 25.77 25.83 25.93 26.03 
𝑐𝑠𝑎 (𝑚𝑚2) 38.13 36.93 32.72 35.44 35.58 
 
 
Figure 3.13 Stress-strain response of A7 coupons 
 
   Table 3.7 Failure loads and estimated stiffness of A7 coupons 
ID 7.1 7.2 7.3 7.4 7.5 Mean 
Estimated Stiffness  24984 25302 27098 26581 25327 25858 




3.3.4 Test Results: Non-Conventional Laminates 
It is observed that there is a very good agreement between subsequent tests for 
every candidate NCL. Also, variations of 21.2, 22, 23.6 and 18.6 percent are observed 
for the estimated stiffness of A2, A3, A5 and A6, respectively; and the mean estimated 
stiffness for all candidate NCLs are in very close agreement to one another. Detailed 
results for all four NCLs, denoted as cases 1-4, are included here. 
3.3.4.1 Case 1: [60/15/−30/−75] 𝑆 
For the non-conventional case of A2 ([60/15/−30/−75] 𝑆), a good number of 
coupon tests were deemed acceptable. Also, estimated stiffnesses agree with one another.  
                         Table 3.8 Candidate A2 coupon dimensions (mm); 
                         (csa = cross sectional area) 
Candidate A2; [𝟔𝟎/𝟏𝟓/−𝟑𝟎/−𝟕𝟓] 𝑺 
Coupon A2.1 A2.3 A2.4 A2.5 
Thickness 1.53 1.47 1.53 1.65 
Width 25.38 25.38 25.43 25.32 
𝑐𝑠𝑎 (𝑚𝑚2) 38.92 37.23 39.00 41.77 
 
 
  Figure 3.14 Stress-strain response of A2 coupons 
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          Table 3.9 Failure loads and estimated stiffness of A2 coupons 
ID 2.1 2.3 2.4 2.5 Mean 
Estimated Stiffness  21288 25632 23722 21145 22947 
Failure Stress  460.15 529.62 480.56 536.97 501.82 
 
3.3.4.2 Case 2: [75/30 /−15/−60] 𝑆 
Similar to A2, candidate A3 ([75/30 /−15/−60] 𝑆) tests were also highly 
successful in terms of number of coupons whose failure are acceptable. The measured 
stiffnesses are fairly repeatable, but as in the previous candidates, A3 strength measures 
are not repeatable. 
                  Table 3.10 Candidate A3 coupon dimensions (mm); 
                  (csa = cross sectional area) 
Candidate A3; [𝟕𝟓/𝟑𝟎 /−𝟏𝟓/−𝟔𝟎] 𝑺 
Coupon A3.2 A3.3 A3.4 A3.5 A3.6 A3.7 
Thickness 1.48 1.48 1.33 1.57 1.57 1.48 
Width 25.73 25.82 25.77 25.45 25.72 25.52 
𝑐𝑠𝑎 
(𝑚𝑚2) 38.17 38.29 34.36 39.87 40.29 37.85 
 
 
  Figure 3.15 Stress-strain response of A3 coupons 
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 Table 3.11 Failure loads and estimated stiffness of A3 coupons 
ID 3.2 3.3 3.4 3.5 3.6 3.7 Mean 
Estimated Stiffness  23321 23712 25752 22083 21980 26816 23944 
Failure Stress  564.59 620.46 537.52 589.05 578.15 332.65 537.07 
 
3.3.4.3 Case 3: [−75/60 /15/−30] 𝑆 
As are with the non-conventional cases, A5 tests also produced a good number of 
coupns with valid data. Again, the stiffness is quite repeatable while the strength is not.  
                        Table 3.12 Candidate A5 coupon dimensions (mm); 
                           (csa = cross sectional area) 
Candidate A5; [−𝟕𝟓/𝟔𝟎 /𝟏𝟓/−𝟑𝟎] 𝑺 
Coupon A5.1 A5.2 A5.4 A5.5 
Thickness 1.58 1.54 1.40 1.68 
Width 25.73 26.27 26.01 25.87 
𝑐𝑠𝑎 (𝑚𝑚2) 40.74 40.46 36.41 43.55 
  
 
Figure 3.16 Stress-strain response of A5 coupons 
 
            Table 3.13 Failure loads and estimated stiffness of A5 coupons 
ID 5.1 5.2 5.4 5.5 Mean 
Estimated Stiffness  23134 23097 25006 20230 22867 
Failure Stress  526.39 447.06 647.2 480.13 525.2 
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3.3.4.4 Case 4: [−60/75 /30/−15] 𝑆 
Finally, in the fourth non-conventional case (A6), four of the tested coupons were 
adjudged to have experienced acceptable failure and are therefore included on Figure 
3.17 and Table 3.15. In comparison to the other cases that have been previously 
discussed, the testing exercise for this set of non-conventional laminates also produced 
matching stiffness estimates, even for the different coupons tested. As seen in the 
previous cases, the strength estimates are however not repeatable. 
                          Table 3.14 Candidate A6 coupon dimensions (mm); 
                           (csa = cross sectional area) 
Candidate A6; [−𝟔𝟎/𝟕𝟓 /𝟑𝟎/−𝟏𝟓] 𝑺 
Coupon A6.4 A6.5 A6.6 A6.7 
Thickness 1.40 1.43 1.40 1.47 
Width 26.03 25.87 25.83 25.87 
𝑐𝑠𝑎 (𝑚𝑚2) 36.45 37.08 36.17 37.94 
 
 
Figure 3.17 Stress-strain response of A6 coupons 
 
           Table 3.15 Failure loads and estimated stiffness of A6 coupons 
ID 6.4 6.5 6.6 6.7 Mean 
Estimated Stiffness  23617 28002 24794 27300 25928 




An essential criterion which could be used to judge the viability and acceptability 
of the test data is the quasi-isotropy of all candidate laminate configurations. In order to 
visually compare results for all candidates, the mean stiffness and mean failure loads 
from the tables in 3.3.3 and 3.3.4 are used to generate In Figure 3.18 A1-A7 refers to the 
naming convention provided in section 3.1 of this chapter. Also, in section 3.1 the seven 
candidates have been classified into conventional (CL) and non-conventional types 
(NCL).  From Tables 3.5 and 3.7 (which excludes A1), comparing all test data presented 
for both CLs and NCLs shows that the maximum difference in measured stiffness exist 
between specimens A5.5 and A6 is 38%. This observed variation could be due to 
manufacturing inconsistencies. In the conclusion section of this thesis (chapter 5), a 
number of recommendations are provided for improvements in future research. A pre-
defined acceptable level of variability could be used to debate the statistical significance 
of these results. In this work however, the experimental data are accepted as is. 
According to the inferences made from the work of Sun [1], it is expected that:  
i. Each non-conventional laminate will exhibit distinct strength 
ii. There will be a significant decrease in the strength of non-conventional laminates, 
when compared to the conventional ones. 
It was intended to discuss the test results according to the perspective of the three 
hypotheses mentioned above. Figure 3.19 provides a summary of the obtained UTS for 
the entire test program; wherein the term “global orientation” refers to φ as described in 
section 3.1 and presented in Table 3.1. 
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Figure 3.18 Average stress-strain response of each candidate laminate 
For the purpose of further deliberation, error bars to measure deviation are also included. 
In addition, Figure 3.19 includes the tensile strengths obtained for quasi-isotropic 
[0/90/45/-45]s AS4/3501-6 laminates by Sun [1]; and these data are only included for the 
purpose of comparisons. Despite the fact that the material and actual stacking sequence 
used in [1] differ from those used in this work, these experimental results are still very 
much relevant to the discussions provided here. It should be noted that for the test data 
obtained for the current test program, there exists a huge deviation between the UTS 
obtained from different test runs of each candidate laminate orientation. These 
variabilities could have been due to factors such as manufacturing irregularities, and 
sufficient information on how to avoid such in future efforts; are provided in Chapter 5 of 
this thesis. Ultimately, the usability of test data is subject to statistical judgement. 
57 
 
Figure 3.19 UTS of specimens from the current test program, and test data from Sun [1], 
1988 
 
3.4 SIMPLE MODELING OF NON-CONVENTIONAL LAMINATES 
The approach adopted for this work is to complement experimental investigations 
with computational modelling of these selected NCLs. This is in view of the fact that on 
one hand experiments could provide evidence to support theoretical predictions; while on 
the other hand the theoretical probing could point to clues which will aid the 
understanding of experimentally observed mechanical behavior of selected laminates. 
Accordingly, the test program designed to understand the mechanical behavior of the 
candidate laminate configurations have also been discussed in detail in section 3.3. The 
principal elements of the obtained results such as estimates of stiffness and failure stress, 
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and confirmation of the quasi-isotropy of tested coupons are also discussed; and the 
significance and overall implications of these estimates are included. In this section, a 
simple theoretical investigation intended to provide a baseline for explaining the 
anisotropy in strength and delineating the conclusions of the experimental program are 
presented. 
3.4.1 Analysis of Laminate Strength 
In general, to successfully represent the strength of laminated composites 
subjected to mechanical loads in a computational scheme one needs to first employ a 
theoretical formulation for the elastic response (stress analysis) [7] and combine such 
with a theory for the failure process, such as those discussed under Progressive Failure 
Analysis methodologies in section 2.2.3. As explained in detail in chapter 2 (section 
2.2.1) of this thesis, there are several existing approaches to achieve the former. For the 
purpose of this chapter it is important to remember that they differ in a number of 
perspectives such as: 
• Theoretical description of the constitutive response: wherein for example, we 
could employ either the Classical Lamination Theory (CLT), First Order Shear 
Deformation Theory (FSDT), etc. 
• The representation of the multilayered form of the composite laminate: Equivalent 
Single-Layer (ESL) or Layer-wise (LW) formulations 
• Analysis type: either Analytical, 2D FE, 3D FE formulations, etc. 
In this section, traditional simple models are implemented to estimate the strength 
of the specimens tested in the experimental program. These models are based on closed-
form formulations that employ the ESL mindset by using the Classical Lamination 
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Theory (CLT) for the analysis of stresses in our candidate laminates. Inherently, the CLT 
is only capable of predicting in-plane stress components 𝝈𝟏, 𝝈𝟐 and 𝝈𝟏𝟐. Meanwhile, the 
work of [1] which has already been outlined in Chapter 1 as a premise to the research in 
this thesis, suggests that the response of the tested specimens is significantly influenced 
by the out-of-plane stresses due to the free-edge effect. The following points explain the 
justification for exploring a simple model that utilizes the CLT: 
a. Replicate one of the main conclusions of [1] that the CLT is insufficient to 
understand the strength of off-axis quasi-isotropic laminates, thereby creating an 
argument for more sophisticated formulations  
b. For the tested specimens, it is important to provide a basic estimate of strength. 
These estimates could be used as a pivot to implement further refinements (which 
could be based on the expected three-dimensional effects), to provide more 
accurate strength values for candidate laminates 
In contrast to stress analysis which has been well established, reliable and 
generally acceptable methodology for the failure analysis of laminated composites is still 
very much a subject of on-going research efforts as revealed by the World-Wide Failure 
Exercise (WWFE) [8]. As explained in chapter 2, numerous criteria and computational 
frameworks have been developed for the Progressive Failure Analysis (PFA) of 
laminates. The commercial MCQ-Composites code by AlphaSTAR® is used for the 
CLT-based Progressive Failure Analysis presented in this chapter. 
In the MCQ-Composites tool, a number of mechanical properties are required as 
inputs. For the Hexcel AS4/8552 unidirectional material system used in this study, 
material properties were extracted from a publicly available database of the National 
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Center for Advanced Materials Performance (NCAMP). Also, the published average 
normalized values of data for tests conducted at room temperature dry conditions (RTD) 
are extracted for each property that is required. The stiffness and strength parameters 
utilized for the analyses discussed here are presented in Table 3.16 below. The ply 
thicknesses (𝑡𝑝𝑙𝑦) for all the laminates, which is also included in Table 3.16, were 
estimated from the measured thicknesses of the coupons that were actually tested for 
section 3.3. The ply thicknesses, 𝑡𝑝𝑙𝑦, is obtained by dividing the average of measured 
thicknesses by the number of plies (8). 
The material properties shown above were used to create the constitutive model, 
represented by the ABD matrix [5], using the Classical Lamination Theory (CLT) for 
each of the selected laminates 
                            Table 3.16 AS4/8552 Mechanical properties 
𝑬𝟏 127.28 𝐺𝑃𝑎 
𝑬𝟐 9.24 𝐺𝑃𝑎 
𝑮𝟏𝟐 4.83 𝐺𝑃𝑎 
𝒗𝟏𝟐 0.302 
𝒕𝒑𝒍𝒚 0.1838 𝑚𝑚 
𝑿𝒕 1995.84 𝑀𝑃𝑎 
𝑿𝒄 1397.58 𝑀𝑃𝑎 
𝒀𝒕 63.91 𝑀𝑃𝑎 
𝒀𝒄 267.86 𝑀𝑃𝑎 
𝑺 91.56 𝑀𝑃𝑎 
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A loading type of 𝑋𝑇, which represented the uniaxial tensile loading process of the 
experimental program, was applied in MCQ-Composites. According to the popular 
approach to conducting Progressive Failure Analysis as explained [9], the stresses 
obtained after loading were compared to the corresponding material allowable in the 
laminates; to determine whether there is a failure. At the detection of failure at every load 
step a corresponding degradation of material properties is conducted. Figure 3.20 shows 
the general flow of the Progressive Failure Analysis methodology in MCQ-Composites 
according to [6]; where in this case, 𝑃𝑖 and ∆𝑃 are the applied 𝑋𝑇 loading and load 
increment respectively. 
 
Figure 3.20 General flow of progressive failure analysis methodology. Source: Abdi [6] 
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The Hashin Criteria [9] was employed to examine failure in the PFA steps. It 
evaluates failure separately for the fiber and matrix in both tension and compression. 
Failure in the fiber in tension and compression; along with tensile and compressive 
failures in the matrix, are given by equations (3.2). 












































Equations 3.2 Expressions for failure in different modes according to the Hashin 
Criteria [9] 
The Hashin criteria is aptly described as being both a mode-determining and 
interactive failure criteria for laminated composites 
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3.4.2 Results and discussions 
The outcome of the Progressive Failure Analysis is the Ultimate Tensile Strength 
(UTS) of each of the seven candidate laminates. The obtained results are included in 
Figure 3.21, wherein φ are the global orientation angle that changes all the ply angles 
from the coupon axes as described in section 3.1. As shown, this simple modeling 
procedure provides the same strength values for the laminates with global orientations at 
0, 45 and 90 degrees (conventional). The other laminates (non- conventional) are 
predicted to have lower strength values. As these simulations can also be interpreted as 
tests conducted in different directions on the same laminate, Figure 3.21 is in agreement 
with the deductions by Sun [1], which are also outlined in section 3.3; that off-axis quasi-
isotropic laminates experience failure at lower loads than their on-axis counterparts.  
 
Figure 3.21 Ultimate Tensile Strengths from Simple PFA predictions 
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It however, does not replicate the dissimilarity between the strengths of the NCLs (φ = 
15, 30, 60 and 75), which were also deduced from Sun et al [1] and outlined in section 
3.3. An understanding of this intricate characteristic will be pursued by the work 
presented in Chapter 4.  
The ideal model for our specimens would precisely match the data obtained by 
the experimental efforts in this thesis, as provided in section 3.3. Based on the preceding 
statement, strength values obtained by implementing the simple model are compared to 
the results of the experimental procedure in section 3.3. For each of the seven laminates 
on Table 3.1 the strength values obtained for all viable test coupons are plotted with the 
predictions of the CLT-based Progressive Failure Analysis on Figure 3.22.  
 
Figure 3.22 Measured experimental strengths and strengths predicted by simple PFA 
 
65 
It should be mentioned that there exists about 70% difference between the 
predicted strengths for Conventional and Non-Conventional laminates. These predicted 
strength values provide good initial estimates of what the relative strengths of all 
candidate laminates should be. In the chapter 4 an attempt will be made to further 
improve these theoretical predictions by employing more sophisticated computational 
methodologies for the stress and failure analysis of these laminates; as suggested by Sun 





THREE-DIMENSIONAL FINITE ELEMENT ANALYSIS OF NON-
CONVENTIONAL LAMINATES 
In chapter 3, the experimental observations about the influence of global 
orientation on the mechanical behavior of the candidate quasi-isotropic laminates under 
uniaxial tensile loading were presented. In accordance to standardized practice in 
composite research, it is not only necessary to conduct experiments but also to demystify 
them with theoretical predictions. This will provide an avenue for better understanding of 
subject laminates. In the present chapter, a numerical model is made by using the Abaqus 
solver in an attempt to compare the results with experiments as described in previous 
chapter and provide further insight into the behavior of the specimens. The main 
approach of the numerical simulation used herein is based on the three-dimensional 
reasoning, in order to obtain usable values of the out-of-plane stresses which are 
suggested to engender pre-mature failure in the specimens - by virtue of free edge effects 
[1]. 
4.1 INTRODUCTION 
The introductory part (chapter 1) of this thesis provides an extensive premise to 
the work presented in this chapter. In section 1.1 it was discussed that researchers have 
previously identified through-the-thickness (out-of-plane) stresses as important factors 
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that contribute to the failure of off-axis loaded quasi-isotropic (QI) laminates [1]. It was 
also explained that these stresses have significant values at the interface between two 
plies, hence the name interlaminar stresses, and become particularly important at the free 
edges of test coupons. In the previous chapter, the main subjects of this research (referred 
to as candidates A1 – A7), have been described as a QI laminate with multiple loading 
directions. It therefore becomes imperative to investigate the distribution of the 
interlaminar stresses that would arise when the candidate laminates are loaded; with a 
view to implement such in future predictions of failure. 
Laminated composites generally exhibit planar behavior and have therefore been 
typically analyzed with simple plane-stress models in conjunction with classical plate 
theory resulting in what is commonly referred to as the Classical Laminate Theory (CLT) 
and First Order Shear Deformation Theory (FSDT). These theories generally provide an 
efficient way to capture the global response of thin laminates but are incapable of 
capturing accurate through-the-thickness stress response. In fact, the procedures for using 
CLT and FSDT to capture out-of-plane stresses usually entail unrealistic variations of 
shear strain/stress through a laminate’s thickness. Although this is typically amended 
with shear correction coefficients, these theories still do not lead to the accurate recovery 
of through-the-thickness stress response [14]. Fortunately, decades of composite research 
have led to the development of several other different methods of computing out-of-plane 
stresses. The approaches explored include analytical and numerical techniques such as 
the finite difference and finite element (FE) modeling [10].  
A number of analytical solutions have been provided for approximating 
interlaminar stresses in laminated composites [15]. However, these solutions are 
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incapable of providing accurate examination of localized stresses, such as those that are 
observed in the phenomenon of free-edge-effects [16].  Finite difference and finite 
element methods can be used to understand these localized stresses, by allowing for 
refinements at such critical regions. In comparison to finite difference approaches, FE 
methods are more direct and simple for computing interlaminar stresses in composite 
laminates. Furthermore, the existing two-dimensional FE approaches usually involve 
different types of shell formulations. The shell theory however assumes a zero value for 
the through-the-thickness normal stress 𝜎𝑧, and is therefore incapable of computing this 
interlaminar stress component. Accordingly, researchers have discovered that the most 
direct and accurate method used to compute interlaminar stresses (ILS) in laminated 
composites is a full three-dimensional finite element analysis, wherein the ILS 
components can be directly recovered from a full stress tensor of every discrete point in 
the laminate [10]. 
A number of research efforts to accurately compute the ILS in the critical regions 
of laminate, using a three-dimensional finite elements formulation, have been reported in 
literature. The problem with 3D analysis of this type is that it usually entails a large 
system of equations. The computations therefore need a large storage memory. This is 
aggravated by the fact that, in laminated composites, one would typically require multiple 
elements through the thickness of each layer. The preceding statements are the reasons 
why three-dimensional FE computations of interlaminar stresses are generally considered 
as computationally expensive endeavors, and therefore regarded as been unreasonable for 
layered structures. Based on this, only a few of the reported work are included in this 
introduction. 
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An isoparametric element with 16 nodes and 3 degrees of freedom (DOF) per 
node was employed by Kim et al [11], to compute through-the-thickness stresses. The 
brick elements included only the corner nodes, and the nodes at the mid-points of each 
side in the directions of the length and width. The goals of their study included the 
influence of the stacking sequence and thickness of a laminate, on the interlaminar 
stresses that exist in the boundary region of a hole in notched laminates, and the free edge 
region in un-notched laminates. Both notched and un-notched laminates were 
investigated with a sub-structuring technique. 
In the study published by Icardi et al [12], the influence of geometry on the 
predicted values of free edge stresses was investigated. In addition to a standard 
isoparametric brick element with 20 nodes, the researchers also used a wedge element to 
study these free edge stresses. These wedge elements are of the 15-noded quadratic 
interpolation types, and they were obtained from the quadratic brick elements. Both 
elements had 3 degrees of freedom (DOF) per node. Additionally, the authors also looked 
at the influence of ply angle configurations and material properties on the output stress 
values. 
Another study by Chen et al. [13] looked at the accuracy of stress distributions 
obtained at the layer interfaces of a symmetric laminate. In their work, they implemented 
the full 3D FE formulation together with a quasi-3D technique. Furthermore, they 
employed a smoothing technique and least-square approximation to enhance their results. 
This investigation employed a quadratic solid element with 20 nodes. The researchers 
concluded that the least-square extrapolation and local stress smoothing used in their 
study improved the estimation of interfacial stresses.  
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In this chapter, a full three-dimensional finite element model is implemented to 
capture the interfacial normal and shear stresses together with the other commonly 
considered in-plane stresses in the tested laminates. This is done in an attempt to include 
these stresses in useable failure criteria for the progressive failure analysis methodology 
for non-conventional laminates. 
Firstly, the modeling technique is introduced. The general details of this finite 
element modeling, including the proper replication of the orthotropic characteristics of 
the layered specimens, material properties, boundary conditions and the element type 
selection are described in Section 4.2. Thereafter, the results obtained from the analyses 
are explained in detail. Paramount issues such as the interfacial continuity of 
displacement and out-of-plane stresses, the singularity of interlaminar stresses at the free 
edges, are considered and accordingly accounted for. The general state of stress and 
particularly the distribution of interlaminar shear and normal stresses in each of the 
candidate laminates are examined. This examination is followed by identifying the stress 
components that possibly play the most prominent roles in the failure of the laminates, in 
a view to developing a failure criterion. This is done by comparing the evaluated 
interfacial stresses with corresponding estimates of material allowables. Finally, the 
feasibility of implementing the technique of this numerical model is summarized in 
Section 4.4. 
4.2 FINITE ELEMENT MODELING 
In order to have a better compliance with the experimental results, the models that 
were created in the Abaqus/CAE 6.14 were as same as the samples that were tested 
experimentally. 
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4.2.1 General Description of Model 
The general model is made to be a single plate geometry in Abaqus. It is 
important to mention how plate geometry is used to model a layered system such as the 
tested specimens. In order to represent distinct plies as available in the real-life test 
coupons, this plate is partitioned into eight sections using the partitioning capability in 
Abaqus CAE Figure 4.1. In standard finite element practice, it is common to: 
• Take advantage of the symmetry of a given geometry and model only a portion of 
the problem whenever that is possible. 
• Also, for symmetric laminates, as both symmetric halves will produce the same 
response when the laminate is subjected to a load case similar to that of this study, 
it is common practice to analyze only the one half of the total number of plies. 
The two ideas mentioned above are pursued to reduce the amount of computation 
necessary and increase speed and efficiency for the analyses process. In this case 
however, the problem is rather simple and would involve only seven simulations (to 
represent all 7 specimens). Therefore, the entire coupon is modelled and the possibility of 
simulating only one-fourth of the planar geometry and only the first four plies is 
neglected. 
The experimental procedure described in Chapter 3 must be accurately replicated in the 
simulation phase. Depending on the required level of detail, different approaches could 
be followed to perform this simulation. An obviously common approach is to model only 
the gage section of the test coupons and employ corresponding boundary conditions at 
the end of the tabs labelled as a in Fig 4.2. In this case, the gage section of the coupon 
was included and hence the entire laminate geometry was considered accordingly. 
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Figure 4.1 Plate partitioning to represent 
individual plies of the coupons 
 
 
     Figure 4.2 The full plate model 
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A further level of detail might be to consider the tabs placed on each test coupon. 
It is however important to remember that in the real-life testing of laminated composites, 
the main objective of including a tab is to enhance the gripping method of a coupon. This 
is done by ensuring that:  
(a) The existing discontinuity in the grip and coupon set-up does not result into 
premature failure, and the applied force is successfully introduced into every 
specimen. 
(b) In addition to (a) above, tabs are also used to prevent the possibility of having 
grip-induced failures due to coarse serrations in the coupons. 
Therefore, in a sense, as long as it does not significantly contribute to the response 
of the coupons and only acts as a support to successfully transfer loads, the tabbing itself 
is not an essential part of the modelling problem. Hence, its exclusion in the tensile test 
simulation is justified; and the tabs and grips can be replaced by appropriate boundary 
conditions that represent the true physics of the problem. 
4.2.2 Model Dimensions 
An additionally important set of parameters to be included in the description of 
any FE simulation is the geometrical dimensions of the model. As indicated in chapter 3, 
the actually tested coupons had varying dimensions after cutting and polishing. The 
models used in this section were however made to have the same dimensions for all 
specimens. This is done to eliminate variation in models that could hinder the direct 
comparison of the stress distribution/other results expected after the analyses. The 
adopted geometrical dimensions are presented in Table 4.1, where 𝒍, 𝒘 and 𝒕 are the 
lengths, width and thicknesses of the coupons respectively. The tabbed regions are also 
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included in order to apply the appropriate boundary conditions on them. Accordingly, the 
length of region covered by the tabs (measured along the length of the coupon) is 
presented as 𝒕𝒍 in Table 4.1. The dimensions 𝒍, 𝒘 and 𝒕𝒍 were taken to be the same as 
those that were originally intended for the tested coupons as indicated in chapter 3. The 
employed coupon thickness t, however, requires some clarification. The existing methods 
for the manufacturing of carbon fiber reinforced polymers (CFRPs) which is used in this 
study produces variabilities in the dimensions of the final laminate. As such, asides from 
the possibility of obtaining manufacturing-induced defects, the thickness of CFRP 
laminates can only be determined after curing. As indicated in Chapter 3, the coupons 
used for this study are extracted from panels with minimal variations in thicknesses. 
Therefore, the mean of the thicknesses of all coupons for which results are discussed in 
Chapter 3 is taken as to be thickness 𝑡, for this modelling phase. The determination of the 
thickness of each ply is done by: first assuming that all the plies in the as-manufactured 
panels have the same thickness (as desired); and according dividing the adopted thickness 
t by the total number of plies (8) to obtain the ply thickness. 
                                 Table 4.1 Coupon dimensions adopted  
                                     for numerical analysis 
𝒍 254.00 𝑚𝑚 
𝒘 25.40 𝑚𝑚 
𝒕 1.447 𝑚𝑚 
𝒕𝒍 25.40 𝑚𝑚 
 
4.2.3 Definition of Constitutive Response 
The composite lay-up option that exists in Abaqus could not be used to provide 
the constitutive characteristics of specimens. This is due to the fact that it was designed to 
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generally use the simple theories such as CLT/FSDT that represent the response of a 
laminate by assuming that it is a single-layer entity having a corresponding complex 
response. In previous sections, these theories have been deemed unfit for the current 
problem and have therefore been discarded. A more appropriate option to represent the 
directional properties of each lamina is used herein. It involves assigning elastic material 
constants such as 𝐸1, 𝐸2, and 𝐸3 to individual regions of the model, that represent each 
ply of the laminate. 
It is very important to employ reliable material properties in the analysis of 
composites. One option to obtain reliability is to conduct numerous quality tests using the 
material system of interests and deduce the required properties from them [18]. This is 
however a rather tedious endeavor that usually entails rigorous assessment and careful 
statistical judgement. A second option is to extract the required properties from existing 
databases for composite material systems. For the Hexcel AS4/8552 unidirectional 
prepreg tape material system used in this research, the required stiffness properties are 
based on the database of the National Center for Advanced Materials Performance 
(NCAMP), a program within the National Institute for Aviation Research (NIAR) at 
Wichita State University [17]. Out of the all the nine material properties required as 
inputs, only 𝐸1, 𝐸2, 𝐺12 and 𝜈12 are reported for each material system in this database. 
The other stiffness properties were obtained by employing the appropriate assumptions 
and theoretical formulations. And although raw test data and several statistically reduced 
values are reported, only mean normalized data were extracted for use in this study. It is 
also useful to mention that since the actual experimental procedure (described in Chapter 
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3) were conducted under ambient conditions; material property values obtained at room 
temperature dry conditions (RTD) are preferred for this study. 
Laminated composites made from unidirectional material systems such as that 
which is used herein can be referred to as been transversely isotropic in nature [19]. 
According to [20], this therefore allows us to make the following assumptions in 
obtaining the other required material properties: 
 
𝐸3 = 𝐸2 
 
𝜈13 = 𝜈12 
 
𝐺13 = 𝐺12 
 
𝐺23 =  
𝐸22
2 (1 +  𝜈23)
 
From the above expressions, it can be seen that the interlaminar Poisson ratio 𝝂𝟐𝟑 
is not provided, but one needs its value to obtain a complete set of the required material 
properties. For the purpose of the numerical studies discussed here, a value of 0.5 which 
is adjudged to be acceptable for carbon fiber is adopted for this constant. The nine elastic 
material constants utilized in this study are listed in Table 4.2.  
The distinct ply angles were set-up by assigning corresponding material 
orientations to each of the regions which were created as partitions in the Abaqus model. 
All the seven candidate stacking sequences which were presented in chapter 3 were 
modelled in this manner. 
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                                    Table 4.2 Elastic material constants for  
                                     the AS4/8552 laminates 
𝑬𝟏 127.278 𝐺𝑃𝑎 
𝑬𝟐 9.239 𝐺𝑃𝑎 




𝑮𝟏𝟐 4.826 𝐺𝑃𝑎 
𝑮𝟏𝟑 4.826 𝐺𝑃𝑎 
𝑮𝟐𝟑 3.0797 𝐺𝑃𝑎 
 
4.2.4 Boundary Conditions and Meshing 
In these simulations, the boundary conditions (BCs) for the specimens also play 
an important role on the response that would be obtained from the finite element (FE) 
solver. The BCs employed in this case, is in accordance to the testing procedure whereby 
one end of each coupon is held by an essentially stationary head, and the other is made to 
travel at a constant displacement rate. As implied in Figure 4.2, the stationary end-
together with its tabbed region, is modelled to be fully clamped with the following 
constrains on all its degrees of the freedom: 
𝑢1 = 𝑢2 =  𝑢3 = 0; 
𝑢𝑅1 = 𝑢𝑅2 =  𝑢𝑅3 = 0; 
wherein 𝑢 and 𝑢𝑅 are the displacements and rotations, respectively, in the 1,2,3 
directions corresponding to the x, y and z axis of the rectangular Cartesian coordinates. 
The other coupon end (together with its tabbed region) has the same BCs, save the 𝑢1 
constrain. The coupon loading is computationally achieved by incremental loading on the 
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moveable coupon ends, and the displacement-controlled nature of the actual testing is 
ignored. 
 
 Figure 4.3 Model meshing with 3D brick elements 
 
Meshing is done with 3D brick elements as recommended by [10]. In order to 
obtain highly accurate numerical solutions, an Abaqus C3D20 element (Figure 4.4) was 
used for this study. This 20-noded quadratic brick element will allow finer interpolations 
through in each element. In addition, the fact that it does note employ reduced integration 
also increases the level of finesse of the computations. In the context of computational 
efficiency, this coupon testing procedure is fairly simple and therefore the use of such 
computationally-involving elements is justified. Each model is discretized into an 
𝑎 × 𝑏 × 𝑐 mesh; where a, b and c are the number of elements per ply through the width 
and through the length of the model, respectively. The baseline mesh (mesh 1, Figure 4.3) 
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is a 2 × 4 × 26 mesh and hence, has 16 brick elements through-the-thickness of each 
coupon.  
In the analysis of interlaminar stresses which have been known to involve high 
mesh sensitivities and stress singularities [10], it is important to pay close attention to the 
convergence of any obtained results. Therefore, several different mesh refinements were 
set-up to validate the general model by virtue of convergence and continuity plots, for the 
essential variables of interest. The response of each laminate is expected to be more-or-
less uniform along its length, therefore during mesh refinements, much preference is 
given to the thickness and width dimensions of the laminates. The other meshes used are: 
1. Mesh 2: 4 × 6 × 26 type 
2. Mesh 3: 5 × 8 × 26 type 
3. Mesh 4: 10 × 10 × 26 type 
 
Figure 4.4 The C3D20 quadratic brick element with 3 degrees 
of freedom (DOF) at each node 
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4.3 CONVERGENCE AND CONTINUITY OF STRESSES 
It is customary practice in computational mechanics to first establish the accuracy 
of employed models before making deductions from any numerical analysis. Typically, a 
convergence analysis will suffice for the kind of FE simulation involved in this research. 
In order to validate a numerical model, it is important to examine crucial variables at 
critical locations. In this case of stress analysis, the crucial variables to be assessed are 
the displacements and stress components. In determining the critical geometrical 
locations in our FE model, it is important to bear in mind that: 
• One of the objectives of this work is to examine the out-of-plane stresses in 
candidate laminates; and these stresses have been known to principally exist 
between ply interfaces-as interlaminar stresses [10]. 
• Also, according to reports in literature [73], the free edges of laminated 
composites are known to present high stress gradients and stress singularities. 
Thereby forming a boundary region with localized stresses. 
Therefore, it is logical to state that the most critical locations in our model are the 
ply interfaces and laminate free edges. The convergence of the stresses at these locations 
will be discussed herein.  
Secondly, any model for computing through-the-thickness stresses in laminates 
must satisfy a number of continuity requirements. In [74] the continuity requirements are 
summarized as the 𝐶0𝑧 requirements for displacements and stress continuity. For the 
purpose of this section, its main elements are enumerated below: 
1. Displacements must be continuous through the interface 
2. The in-plane stresses may not be continuous through the interface 
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3. Interfacial continuity (IC) must be satisfied for all out-of-plane stress components 
The continuity of displacements is inherent in the FE models described in 4.2, and 
the interfacial continuity (IC) of all stress components will be discussed herein.  
Six stress components (𝝈𝑥 , 𝝈𝑦 , 𝝈𝑥𝑦 , 𝝈𝑧 , 𝝈𝑥𝑧 , 𝝈𝑦𝑧 ) are extracted for each 3D 
model utilized in this research. To provide clarity about locations where required stresses 
are collected, Figure 4.5 below illustrates mesh 1 for the A1 candidate laminate as an 
example. Since the laminate is symmetric, only the first 4 plies are shown. 
 
Figure 4.5 Illustration for Mesh 1 (laminate A1); showing nodal locations where results 
are extracted, for the first interface and at the free edge of the first ply. 
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4.3.1 Convergence of Stresses 
For candidate laminate A1 with the stacking sequence [45/0 /−45/90]𝑆, the 
convergence of the all stress components are summarized in Figures 4.6 - 4.8 and Figures 
4.9 – 4.11. To maintain simplicity, the convergence plots for other candidate laminates 
(A2-A7) are not provided herein. As indicated in literature, issues of convergence are 
mainly important for through-the-thickness stresses. For the convergence of in-plane 
stresses, only the central nodes for the four interfaces are assessed. Figures 4.6 - 4.8 
below show the convergence of 𝜎𝑥 , 𝜎𝑦 , 𝜎𝑥𝑦 obtained for the 4 mesh types used in this 
analysis. Notably, these in-plane stresses appear to converge quickly. In fact, as would 
later be revealed, further mesh refinements performed after mesh 2 are only necessary for 
through-the-thickness stresses. 
 
Figure 4.6 Test of Convergence for 𝝈𝑥 at the four interfaces of candidate A1 
The convergence of through-the-thickness stresses (𝝈𝑧, 𝝈𝑥𝑧, 𝝈𝑦𝑧) are illustrated on 
Figures 4.9-4.11. Similar to in-plane stresses, the out-of-plane stresses are also collected 
83 
at the center of the coupons. In this case however, the stresses at every node through-the-
thickness, rather than only the interfacial nodes, were collected. On these charts, the  
 
Figure 4.7 Test of Convergence for 𝝈𝑦 at the four interfaces of candidate A1 
 
 
Figure 4.8 Test of Convergence for 𝝈𝑥𝑦 at the four interfaces of candidate A1 
transverse dimension (z) measures from the top of each coupon to the fourth layer, due to 
laminate symmetry. Unlike in-plane stresses, 𝝈𝑧 , 𝝈𝑥𝑧 and 𝝈𝑦𝑧 only converge after the 
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third refinement (mesh 4). This makes sense because the convergence of out-of-plane 
stresses are known to be problematic, and accurate results are generally obtained by 
having multiple elements per ply. 
 
  Figure 4.9 Convergence of 𝝈𝑧 in candidate A1 
 
 




Figure 4.11 Convergence of 𝝈𝑦𝑧 in candidate A1 
 
4.3.2 Continuity of Stresses 
To ensure the necessary interfacial continuity conditions are satisfied, Figures 
4.12 – 4.17 show the through-the-thickness distribution of stresses in the finest mesh 
(mesh 4). It is important to mention that these stresses were extracted at the edges of the 
laminate, as illustrated in Figure 4.5. Additionally, the stresses at every node through-the-
thickness, rather than only the interfacial nodes, were collected. Again, only the charts for 
candidate laminate A1 ([45/0 /−45/90] 𝑆) are included here and the continuity plots for 
other candidates are not provided herein. Also, z on these charts measures from the top of 
each coupon to the fourth layer due to laminate symmetry. In Figures 4.12 – 4.14, the in-
plane stresses are discontinuous between the interfaces of layers with disparate fiber 
orientations, and this is in line with what is usually obtained from analysis of this nature 




Figure 4.12 Through-the-thickness Continuity of 𝝈𝑥 in candidate A1 
 
 




Figure 4.14 Through-the-thickness Continuity of 𝝈𝑥𝑦 in candidate A1 
 




Figure 4.16 Through-the-thickness Continuity of 𝜎𝑥𝑧 in candidate A1 
 
 
Figure 4.17 Through-the-thickness Continuity of 𝜎𝑦𝑧 in candidate A1 
Although these stress components have steep gradients within each ply, they are 
continuous at every interface. This is as desired, and therefore the FE model for this 
candidate laminate can be adjudged to be accurate. 
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4.4 IN-PLANE STRESSES AND INTERFACIAL STRESS DISTRIBUTIONS 
In this section, the in-plane stress states together with the interfacial stress 
distribution of the candidate laminates are discussed. Stresses are extracted from the 
models with the most refined meshes (mesh 4). Measures of in-plane stresses are 
obtained by taking averages per ply; of the through-the-thickness stress distributions like 
those provided on Figures 4.12 – 4.14.  This is done for each in-plane stress component 
(𝝈𝑥 , 𝝈𝑦 , 𝝈𝑥𝑦). Furthermore, only the magnitudes of the in-plane stress components are 
presented; but negative normal stresses (𝝈𝑥 and 𝝈𝑦) are marked as C, indicating that they 
are compressive in nature. 
For interlaminar stresses, 𝝈𝑧 , 𝝈𝑥𝑧 , 𝝈𝑦𝑧 are extracted across the width and at mid-
length of each interface as illustrated in Figures 4.5. The across-the-width distributions of 
the interfacial stresses are important because researchers have previously shown the 
existence of a localized phenomenon for these stresses. The phenomenon is such that the 
interlaminar stresses are: (i) very high and even mathematically singular at the free edges, 
(ii) possess significant values near the free edge, but (iii) diminishes as one moves 
towards the middle of the laminate. The across-the-width distribution of interlaminar 
stresses is useful in the following ways: 
• A replication of the localized distribution of stresses serves as a further validation 
of the FE models 
• Identification of the locations at which stresses must be selected, for use in a 
failure criteria scheme 
The symmetry of the model permits the provision of interfacial stress distributions 
across only a half of its width. Also, for the plots provided for these stress distributions, 
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the origin of the 𝑦 axis is taken as the center of the laminate model and 𝑦 dimensions are 
measured along the width towards the free edge. 
The premise to this study (Chapter 1) already suggests that in comparison to 
Conventional Laminates (CLs), the interfacial stress distributions in Non-Conventional 
Laminates (NCLs) will be markedly different. Therefore, in the discussions of the stress 
distributions, CLs are first presented followed by NCLs. The three-dimensional FE 
analysis in this chapter is provided to illuminate out-of-plane characteristics. Therefore, 
the discussions in this section are targeted towards out-of-plane stresses. Plots for in-
plane stresses in CLs are mentioned and are verified to follow expected distribution based 
on existing knowledge of composite behavior. For NCLs however, the distributions 
might not be as intuitive as those for the CLs. The plots for in-plane stresses in NCLs are 
excluded from this section and only provided in the Appendix for the sake of 
completeness. 
4.4.1 Conventional Laminates 
4.4.1.1 Case 1: [45/0 /−45/90]𝑆 
The first conventional laminate to be examined is candidate A1 with stacking 
sequence [𝟒𝟓/𝟎 /−𝟒𝟓/𝟗𝟎] 𝑺. Figures 4.18 - 4.20 show the in-plane stresses in A1. A 
brief look shows that as expected, the stiffest and most compliant layers (0˚ & 90˚ plies) 
respectively carry the largest and the smallest 𝝈𝑥 load (tension). It is known from the 
mechanics of elastic media that load always follows the stiffest path. Also, the 45˚/-45 ˚ 
plies carry the largest shear (𝝈𝑥𝑦) load.  
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Figure 4.18 Distribution of 𝜎𝑥 in the individual plies of candidate A1 
 
 




Figure 4.20 Distribution of 𝜎𝑥𝑦 in the individual plies of candidate A1 
 
 




Figure 4.22 Interlaminar 𝜎𝑥𝑧 at each interface of candidate A1 
 
 
Figure 4.23 Interlaminar 𝜎𝑦𝑧 at each interface of candidate A1 
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4.4.1.2 Case 2: [90/45 /0/−45]𝑆 
The distribution of in-plane stresses in candidate A4 is similar to that which is 
seen in A1. As shown in Figures 4.24 – 4.26, the 0˚ ply carries the largest 𝝈𝑥 load while 
the 45˚/-45 ˚ plies carry the largest shear (𝝈𝑥𝑦) load. In addition, the 90˚ ply carries the 
least 𝝈𝑥 load. The distribution of stresses to corresponding plies are all as expected. 
 
   Figure 4.24 Distribution of 𝜎𝑥 in the individual plies of candidate A4 
 
 




Figure 4.26 Distribution of 𝜎𝑥𝑦 in the individual plies of candidate A4 
 
 





Figure 4.28 Interlaminar 𝜎𝑥𝑧 at each interface of candidate A4 
 
 
Figure 4.29 Interlaminar 𝜎𝑦𝑧 at each interface of candidate A4 
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4.4.1.3 Case 3: [−45/90 /45/0]𝑆 
In this third case of a conventional laminate, the maximum and minimum 𝝈𝑥  is 
also distributed to the 0˚ and 90˚ layers respectively. Again, the maximum shear (𝝈𝑥𝑦) are 
expectedly distributed to the 45˚ and -45 ˚ layers. 
 
Figure 4.30 Distribution of 𝜎𝑥 in the individual plies of candidate A7 
 
 




Figure 4.32 Distribution of 𝜎𝑥𝑦 in the individual plies of candidate A7 
 
 




Figure 4.34 Interlaminar 𝜎𝑥𝑧 at each interface of candidate A7 
 
 
Figure 4.35 Interlaminar 𝜎𝑦𝑧 at each interface of candidate A7 
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4.4.2 Non-Conventional Laminates 
4.4.2.1 Case 1: [60/15/−30/−75]𝑆 
 
Figure 4.36 Interlaminar 𝜎𝑧 at each interface of candidate A2 
 
 




Figure 4.38 Interlaminar 𝜎𝑦𝑧 at each interface of candidate A2 
 
4.4.2.2 Case 2: [75/30 /−15/−60]𝑆 
 




Figure 4.40 Interlaminar 𝜎𝑥𝑧 at each interface of candidate A3 
 
 
Figure 4.41 Interlaminar 𝜎𝑦𝑧 at each interface of candidate A3 
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4.4.2.3 Case 3: [−75/60 /15/−30]𝑆 
 
Figure 4.42 Interlaminar 𝜎𝑧 at each interface of candidate A5 
 
 




Figure 4.44 Interlaminar 𝜎𝑦𝑧 at each interface of candidate A5 
 
4.4.2.4 Case 4: [−60/75 /30/−15]𝑆 
 




Figure 4.46 Interlaminar 𝜎𝑥𝑧 at each interface of candidate A6 
 
 
Figure 4.47 Interlaminar 𝜎𝑦𝑧a t each interface of candidate A6 
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4.4.3 Localization of Interlaminar Stresses 
The idea behind categorizing stress plots into conventional and non-conventional 
laminate plots, is to immediately see if there is a significant difference in the interfacial 
stress distribution for these two categories of laminates. For example, it would be 
interesting to find out that these stresses influence a larger distance from the edge in one 
category than in the other. Looking at the plots provided in sections 4.41 to 4.42, 
however, all 3 interfacial stress components diminish at a distance of about 𝑦/[0.5𝑤]  =
 0.6 𝑡𝑜 0.7; for all seven candidate laminates. Therefore, it can be concluded that there 
appears to be no definitive difference in the manner in which the interfacial stresses 
decay for CLs and NCLs. 
4.5 PREDOMINANCE OF INITIAL DELAMINATION ON THE ULTIMATE 
STRENGTH OF NCLS 
This entire thesis is based on the background that three-dimensional stresses play 
a crucial role in the strength-anisotropy of quasi-isotropic non-conventional laminates. 
This background has originally been developed in previous research by Sun et al [1] and 
summarized in the introductory chapter of this thesis. Meanwhile, in laminated composite 
coupons three-dimensional stresses mainly exist at the interfaces of two layers (laminae); 
and are therefore aptly named as interlaminar/interfacial stresses. The presence of 
interlaminar stresses is a characteristic that is mostly not encountered in homogenous 
isotropic media like metals, but mainly arise in the discourse of layered systems, such as 
laminated composites. In composite laminates the existence of interlaminar stresses 
principally results in a special type of failure mechanism known as delamination. This 
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delamination mode of failure has been identified by Sun et al [1] to be the main cause of 
anisotropy of the strength of QI NCLs; and therefore, remains a primary target. 
The entire failure process of a composite is overly complicated, even for simple 
cases of laminated coupons; and so is its analysis. It involves an interaction of several 
stress components to produce multiple modes of failure such as matrix cracks, fiber 
fracture, fiber-matrix debonding and delamination [67]. Although one of these modes of 
failure may trigger the failure process, the failure propagation and ultimate failure 
involves a complex interaction of the multiple modes. This plurality of considerations is 
further convoluted by the fact that the failure process in laminated composites is usually a 
multi-stage and multi-scale phenomenon, logically involving the degradation of material 
properties at every stage. However, as dissected in the previous paragraph, interlaminar 
stresses (ILS) and related delamination events are important determinants of the relative 
strengths of the laminates considered in this research. Therefore, in an ideal situation one 
should be able to get an initial insight into the relative strengths of candidate laminates by 
isolating these ILS/delamination characteristics. And this will especially be true if the 
delamination events predominate the failure process of these candidate laminates. It is 
important to mention that the stress states obtained from the preceding FE analysis can 
only give information about initial delamination, as every failure event is followed by a 
redistribution of stresses; and consequent delamination/other failure events will obviously 
depend on the new stress states. 
For the sake of clarity, it is useful to explicitly enumerate the 
background/hypotheses that justify the work in this section: 
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• Delamination due to interlaminar stresses, is the main cause of the difference in the 
strengths of candidate QI coupons 
• The initiation of delamination, is a principal contributor to the ultimate strength of 
candidate QI coupons 
• The influence of interlaminar stresses on the delamination of coupons can be studied 
in isolation; regardless of the fact that the complete failure process involves the 
interaction of other stress components/failure modes 
In every one of the seven candidate laminates the distribution of the three out-of-
plane stress components provided in sections 4.4.1 and 4.4.2, and their contributions 
towards the initiation of delamination, are considered. This is extended to a comparison 
of the all the seven candidate laminates, to rank them by their tendency to delaminate 
based on the given stress distributions. In Chapter 1, it was implied that it would be 
valuable to assert the conclusions of Sun et al [1], by gaining further in-depth insight into 
the failure of QI NCLs. This approach of taking a rudimentary look at three-dimensional 
stresses and delamination before implementing a failure criteria/progressive failure 
analysis is, therefore, in line with the premise of Chapter 1. 
In determining whether or not a failure has occurred, it is important to properly 
select measures of stress which are to be compared to material allowables. The location at 
which the interlaminar stresses are extracted should therefore not be arbitrary but have a 
phenomenological basis. The nature of free edge interlaminar stresses is well established 
in existing research. According to a study on the edge effects in symmetric composite 
laminates [68], these stresses happen to be localized in a boundary region at about one 
laminate thickness away from straight free edges. However, looking at the plots provided 
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for the current layups in Sections 4.4.1 & 4.4.2; the interfacial stress distributions appear 
to be such that the out-of-plane stresses are localized at 𝒚/ [
𝟏
𝟐
𝒘]  =  0.8 for all seven 
candidates. This corresponds to 20% of the depicted half-width, or 10% of the entire 
width of the coupons. By using the values from Table 4.1, 10% of the width (w) is about 
1.75 times laminate thickness (t). For the purpose of comparisons, this section considers 
interlaminar stresses at 𝒚/ [
𝟏
𝟐
𝒘]  =  0.8, away from the free edge. Tables 4.3 and 4.4 
below show the actual values of each stress component extracted at 𝒚/ [
𝟏
𝟐
𝒘]  =  0.8, for 
the conventional and non-conventional candidates. 
      Table 4.3 Stress components extracted at y/(0.5w) = 0.8: Conventional 
       laminates 
𝐈𝐋𝐒 𝐢𝐧 𝐂𝐨𝐧𝐯𝐞𝐧𝐭𝐢𝐨𝐧𝐚𝐥 𝐋𝐚𝐦𝐢𝐧𝐚𝐭𝐞𝐬 (𝐌𝐏𝐚) 
A1 
  INTERFACE 
  1 2 3 4 
𝜎𝑧 -0.50 2.67 9.24 16.79 
𝜎𝑥𝑧 8.69 -8.40 1.85 0.00 
𝜎𝑦𝑧 5.50 -6.23 -17.05 0.00 
A4 
  INTERFACE 
  1 2 3 4 
𝜎𝑧 -1.42 -8.62 -10.05 -12.15 
𝜎𝑥𝑧 -3.69 -14.57 -15.07 0.00 
𝜎𝑦𝑧 -14.14 3.10 7.51 0.00 
A7 
  INTERFACE 
  1 2 3 4 
𝜎𝑧 5.27 4.33 -1.83 -1.53 
𝜎𝑥𝑧 -5.94 5.44 -2.87 0.00 
𝜎𝑦𝑧 6.53 6.80 -0.44 0.00 
 
110 
            Table 4.4 Stress components extracted at y/(0.5w) = 0.8: 
            Non-Conventional laminates 
𝐈𝐋𝐒 𝐢𝐧 𝐍𝐨𝐧 − 𝐂𝐨𝐧𝐯𝐞𝐧𝐭𝐢𝐨𝐧𝐚𝐥 𝐋𝐚𝐦𝐢𝐧𝐚𝐭𝐞𝐬 (𝐌𝐏𝐚) 
A2 
  INTERFACE 
  1 2 3 4 
𝜎𝑧 -3.77 -9.84 -1.72 7.79 
𝜎𝑥𝑧 -7.70 -27.35 5.93 0.00 
𝜎𝑦𝑧 -5.00 -1.09 -14.56 0.00 
A3 
  INTERFACE 
  1 2 3 4 
𝜎𝑧 -4.27 -12.73 -6.61 -1.55 
𝜎𝑥𝑧 -7.75 -30.02 3.44 0.00 
𝜎𝑦𝑧 -12.96 -0.25 -3.65 0.00 
A5 
  INTERFACE 
  1 2 3 4 
𝜎𝑧 2.08 -4.47 -13.04 -17.45 
𝜎𝑥𝑧 -2.00 2.67 -33.29 0.00 
𝜎𝑦𝑧 -5.48 9.11 6.15 0.00 
A6 
  INTERFACE 
  1 2 3 4 
𝜎𝑧 4.02 -1.63 -11.43 -12.40 
𝜎𝑥𝑧 -3.55 6.10 -30.64 0.00 
𝜎𝑦𝑧 2.97 10.37 -1.70 0.00 
 
4.5.1 Maximum Interlaminar Shear Stress Resultants 
In the works of Sun [1], the resultants of the interlaminar shear stresses (ILSS) 
was implemented in an interlaminar failure criteria. In a similar vein, Table 4.5 presents 
the vector sums of the σ 𝑥𝑧 and σ 𝑦𝑧 stresses obtained at each interface, for all 7 candidate 
laminates. The maximum resultant obtained in each laminate is highlighted for the sake 
of convenience. Figure 4.48 provides an attempt to have an estimate of the relative 
strengths of candidate laminates, based solely on these values of Maximum ILSS 
Resultants. Assuming all other factors remain constant, a higher interlaminar shear stress  
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                  Table 4.5 Resultants of Interlaminar Shear Stresses (ILSS)  
                  extracted at y/(0.5w) = 0.8 
𝐈𝐋𝐒𝐒 𝐑𝐞𝐬𝐮𝐥𝐭𝐚𝐧𝐭𝐬 (𝐌𝐏𝐚) 
 INTERFACE 
1 2 3 4 
A1 10.29 10.45 17.15 0.00 
A2 9.18 27.37 15.72 0.00 
A3 15.10 30.02 5.02 0.00 
A4 14.61 14.89 16.84 0.00 
A5 5.83 9.50 33.85 0.00 
A6 4.63 12.03 30.69 0.00 
A7 8.83 8.71 2.90 0.00 
 
 
Figure 4.48 Relative Strengths based on the maximum obtainable ILSS Resultants in 
each candidate laminate 
 
resultant would result in earlier delamination and consequently, a lower ultimate tensile 
strength. Therefore, an additive inverse of the value obtained for the Maximum ILSS 
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Resultants in each candidate is plotted in Figure 4.48. This figure is intended to illustrate 




Although the Relative Strength values are hypothetical, the validity of the trend 
provided on Figure 4.48 can be evaluated by comparing with pertinent inferences from 
the work of Sun [1]; which have been enumerated in chapter 3 (section 3.3.5) of this 
thesis. For ease of access, they are repeated below: 
i. Each non-conventional laminate (NCL) exhibits distinct strength 
ii. There is a significant decrease in the strength of non-conventional laminates, 
when compared to the conventional ones 
Based on Figure 4.48, CLs A1 and A4 exhibit nearly identical strengths. The 
strength of A7 is however significantly far off from the other CLs. Also, each NCLs 
exhibits distinct strength as required by (ii) above. Finally, the strengths of the NCLs are 
significantly lower than those of the CLs according to (iii) above. Ultimately, a simple 
look at the distribution of interlaminar shear stresses does not provide sufficient insight 
into the anisotropy of strength in QI coupons. Therefore, a more detailed approach, such 
as the implementation of failure criteria in a Progressive Failure Analysis scheme, is 




CONCLUSIONS AND RECOMMENDATIONS 
This thesis attempts to gain in-depth insight into the anisotropy of tensile strength 
in a specific set of quasi-isotropic Non-Conventional Laminates, with a baseline layup of 
[45/0 /−45/90]𝑆 and made from AS4/8552 material system. By undertaking 
experimental procedures for tension testing and implementing theoretical models for the 
prediction of mechanical response, the research presented sought to understand the 
strength characteristics of each selected laminate as compared to the other selected 
layups. The experimental work was based on standardized guidelines for tension testing 
of laminated composites, while the theoretical work was based on simple analytical 
formulations for the Progressive Failure Analysis in composites; which were eventually 
followed by extensive three-dimensional FE analysis of the state of stress in selected 
layups. The experimental and theoretical studies of Chapters 3 and 4 all lead to a number 
of usable conclusions which are highlighted in this chapter along with recommendations 
for future work. 
5.1 CONCLUSIONS 
The ultimate tensile strength and tensile modulus were mainly investigated for all 
the selected layups by the experimental procedures in the studies presented in this thesis 
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work. Accordingly, the following conclusions can be drawn from the experimental 
results:  
• The experimental measures of stiffness obtained for candidate A1 ([45/0 /−45/
90]𝑆), were not repeatable for multiple runs of the test procedures. Since this is a 
germane characteristic of the laminate, the test results of A1 are therefore not 
acceptable. Irregularities such as minor unnoticeable slippage of coupons, and minor 
misalignment of coupons with respect to the loading axis of the test machine; could 
lead to such inconsistencies. 
• Even in the cases where the measures of stiffness were repeatable (candidate A2, A3 
and A4, and A5, A6 and A7), the experimentally obtained ultimate tensile strengths 
still carried a significant amount of variation. There exists a great deviation in the 
obtained strength values, as shown by the error bars on the summarizing chart in 
Chapter 3. 
• The work in this thesis is chiefly established on the quasi-isotropy of the selected 
layups, and it is important that the test results manifest this. The data presented in 
chapter 3 shows that the average stiffnesses obtained for candidates A2-A7 are 
markedly close to one another. Therefore, it can be concluded that there is a 
manifestation of the experimental replication of the quasi-isotropic characteristics of 
the selected laminates, for the most part; except for candidate A1 results. 
• Another main topic in this research is the strength of individual selected layups 
relative to one another. This requires a good level of intricacy in the testing 
methodology to firstly distinguish the difference in the strengths of conventional 
candidates as against the non-conventional ones, and secondly show distinct strengths 
115 
for each non-conventional layup; as expected from the premise to this work. The test 
results presented in Chapter 3 did not show a definitive difference in the strengths of 
all the selected layups. Therefore, as a whole the experimental procedure 
implemented in this research has not been able to exhibit the required level of 
intricacy. 
The stress distributions and ultimate strength resulting from the tensile loading of 
selected laminates were explored using simple Progressive Failure Analysis (PFA) 
techniques and numerical simulation of the conventional and non-conventional laminates. 
The commercial software MCQ was used for the PFA and finite element models were 
developed in Abaqus for numerical studies that provided the 3D stress state of the 
selected laminates under tension. The following conclusions can be drawn from the PFA 
and numerical simulation: 
• In accordance to the expectations from previous research, the simple PFA show 
marked differences between the strengths of conventional and non-conventional 
candidates. However, simple PFA could not replicate the distinctions between the 
strength of individual non-conventional laminates, which were observed in 
previous studies. This of course is an indication that the simple model is incapable 
of satisfactorily agreeing with expected practical response. 
• The finite element studies for the 3D stress states of the selected laminates 
revealed the fact that there is a significant difference in the overall stress 
distributions in the laminates, which could lead to dissimilar failure of the quasi-
isotropic NCLs. 
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• In agreement with existing research, the out-of-plane stresses are chiefly localized 
at a boundary region around the free edge of the laminated coupons. Also, they 
primarily reside at the ply interfaces in these loaded laminates. 
• Chapter 4 explored the possibility of being able to develop a basic understanding 
of the strength of candidate laminates relative to one another based solely on 
interlaminar shear stresses (ILSS) extracted at selected points in the laminates. 
Although it showed a number of expected trends, this strategy is merely 
rudimentary, and a more detailed look is required to provide adequate information 
into the strength of the candidate laminates. 
5.2 RECOMMENDATIONS 
An investigation into the tensile properties of selected quasi-isotropic layups have 
been explored and reported in this research. The conclusions of this work could be used 
as a basis for future investigations into the strength characteristics of this type of 
laminates, and non-conventional laminates in general. Based on the preceding statement, 
the following recommendations are proposed for further work on laminated composites 
with quasi-isotropic stiffness characteristics: 
• More precise/higher fidelity methodologies must be applied during laminate 
manufacturing. In particular, the layup of fibers at desired orientations can be 
done with the Advanced Fiber Placement (AFP) technology, which guarantees 
higher layup accuracy when compared to the Manual layup procedure 
implemented in this research. In addition, the acceptability of the curing 
procedure should be validated by checking for possible pores and the 
quality/uniformity of resin distribution in the cured panels. This can be done by 
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using the method of Thermogravimetric Analysis (TGA), for checking the fiber 
volume fractions (FVF) of cured panels; in addition to the visual inspection 
carried out in this work. 
• In addition to the previous recommendation, there is also need to pay close 
attention to the machining phase of the specimen preparation. In particular, a 
meticulous method of polishing the coupon edges must be implemented, to ensure 
that all the coupons are uniformly polished. 
• Experimental investigations must be conducted with a higher degree of attention 
to perfecting the alignment of test specimens with respect to the loading axis of 
the test machine. Alignment can be verified by using three or more strain gages to 
check the difference in strain during loading of a rectangular “alignment coupon” 
similar to the actual specimens to be investigated, as suggested by in [3]. The 
possibility of having misaligned grips must also be considered and checked. 
• Also, the deformation of test coupons under loading could be monitored with 
more sophisticated devices. One method is to utilize strain gages that not only 
provide higher precision than the extensometers used, but also has the advantage 
of being able to measure deformation in both the longitudinal and transverse axes 
of the coupons. The method of Digital Image Correlation (DIC) can also be used 
obtain more reliable measures of strain as each coupon is loaded. 
• In the current work, there is no monitoring of the progression of failure in test 
coupons during the experimental procedure. While it is difficult to experimentally 
monitor the evolution of failure in laminated composites, modern methodologies 
such as Acoustic Emission (AE) can be explored for this purpose. This will give 
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more insight into the similarities and differences in the failure of candidate 
layups, by providing a higher level of intricacy. 
• In order to further distinguish the failure of individual candidate laminate, a post-
test evaluation of coupons should be carried out in future test programs. A study 
of tested coupons will aid in identifying the failure modes and determining the 
sequence of failure events in the specimens. It will in particular aid in monitoring 
the initiation of failure at the edges and determining the predominant failure 
modes and events. 
• Further work must be done in order to properly compare the stress states obtained 
from the three-dimensional FE analysis of the selected laminates. This is rather a 
difficult problem because of the fact that at the free edges where they are mostly 
important, the out-of-plane stresses are singular in nature. There must be some 
phenomenological basis for selecting the location at which stresses would be 
extracted for comparison. 
• In addition to the above, there must also be a good justification for the measures 
of stress that would be compared to characterize the relative failure behavior of 
selected laminates. In the work of Sun [1] which serves as a premise to the current 
research, the resultants of stress components are implemented. The point stress or 
average stress approaches used for the analysis of notched laminates could 
possibly be explored for the stress components predominant to the failure 
characteristics of selected laminates. 
• A comparison of the selected measures of stress, with corresponding material 
allowables is a logical step towards developing failure criteria for the candidate 
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laminates presented in the current work. This comparison should focus on the 
effects of 3D stresses firstly, on delamination and ultimately on the failure of the 
laminates. 
• Logically, the comparisons of stress distributions should be followed by the 
development of definitive failure criteria and corresponding framework for 
Progressive Failure Analysis (PFA) of the selected quasi-isotropic laminates; and 
by extension other types of Non-Conventional Laminates with rectilinear fibers. 
The developed failure criteria and PFA framework should eventually form the 
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DISTRIBUTION OF IN-PLANE STRESSES IN NON-CONVENTIONAL 
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Figure A.1 Distribution of 𝝈𝑥 in the individual plies of candidate A2 
 
 





Figure A.3 Distribution of 𝝈𝑥𝑦 in the individual plies of candidate A2 
 
 




Figure A.5 Distribution of 𝝈𝑦 in the individual plies of candidate A3 
 
 




Figure A.7 Distribution of 𝝈𝑥 in the individual plies of candidate A5 
 
 




Figure A.9 Distribution of 𝝈𝑥𝑦 in the individual plies of candidate A5 
 
 




Figure A.11 Distribution of 𝝈𝑦 in the individual plies of candidate A6 
 
 
Figure A.12 Distribution of 𝝈𝑥𝑦 in the individual plies of candidate A6 
 
